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ABSTRACT
Using the Advanced Camera for Surveys on the Hubble Space Telescope, we have obtained deep optical
images reaching stars well below the oldest main sequence turnoff in the spheroid, tidal stream, and outer disk
of the Andromeda Galaxy. We have reconstructed the star formation history in these fields by comparing their
color-magnitude diagrams to a grid of isochrones calibrated to Galactic globular clusters observed in the same
bands. Each field exhibits an extended star formation history, with many stars younger than 10 Gyr but few
younger than 4 Gyr. Considered together, the star counts, kinematics, and population characteristics of the
spheroid argue against some explanations for its intermediate-age, metal-rich population, such as a significant
contribution from stars residing in the disk or a chance intersection with the stream’s orbit. Instead, it is
likely that this population is intrinsic to the inner spheroid, whose highly-disturbed structure is clearly distinct
from the pressure-supported metal-poor halo that dominates farther from the galaxy’s center. The stream and
spheroid populations are similar, but not identical, with the stream’s mean age being ∼1 Gyr younger; this
similarity suggests that the inner spheroid is largely polluted by material stripped from either the stream’s
progenitor or similar objects. The disk population is considerably younger and more metal-rich than the stream
and spheroid populations, but not as young as the thin disk population of the solar neighborhood; instead, the
outer disk of Andromeda is dominated by stars of age 4–8 Gyr, resembling the Milky Way’s thick disk. The
disk data are inconsistent with a population dominated by ages older than 10 Gyr, and in fact do not require
any stars older than 10 Gyr.
Subject headings: galaxies: evolution – galaxies: stellar content – galaxies: halos – galaxies: spiral – galaxies:
individual (M31)
1. INTRODUCTION
One of the primary quests of observational astronomy is
measuring the formation history of structures ranging in scale
from individual galaxies to superclusters of galaxies. How-
ever, a serious impediment to this research is the fact that
we live in a cosmological backwater. The Local Group hosts
only two giant spiral galaxies, the Milky Way and Andromeda
(M31, NGC 224), and no giant elliptical galaxies. The near-
est galaxy groups to our own lie beyond 3 Mpc, with the clos-
est (the Maffei Group) being heavily reddened (Karachentsev
2005).
Given our rural setting, it is not surprising that our own
Galaxy drives the textbook picture of a giant spiral galaxy,
with an ancient, metal-poor halo (e.g., Ryan & Norris 1991;
VandenBerg 2000), an ancient, metal-rich bulge (e.g., Zoccali
1 Based on observations made with the NASA/ESA Hubble Space Tele-
scope, obtained at the Space Telescope Science Institute, which is operated
by AURA, Inc., under NASA contract NAS 5-26555. These observations are
associated with proposals 9453 and 10265.
2 Some of the data presented herein were obtained at the W.M. Keck Ob-
servatory, which is operated as a scientific partnership among the California
Institute of Technology, the University of California, and NASA. The Obser-
vatory was made possible by the generous financial support of the W.M. Keck
Foundation.
3 Space Telescope Science Institute, 3700 San Martin Drive, Baltimore,
MD 21218; tbrown@stsci.edu, ferguson@stsci.edu, edsmith@stsci.edu
4 Division of Astronomy, Dpt. of Physics & Astronomy, UCLA, Los An-
geles, CA 90095; rmr@astro.ucla.edu
5 University of California, 271 Interdisciplinary Sciences Building, 1156
High Street, Santa Cruz, CA 95064; raja@ucolick.org
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et al. 2003 ; McWilliam & Rich 1994), and a disk hosting
a wide range of ages and metallicities (e.g., Fontaine et al.
2001; Ibukiyama & Arimoto 2002). However, stellar popu-
lation work in the Milky Way is often limited by uncertain-
ties in distance and reddening, and it is not even clear that
the Milky Way is representative of giant spiral galaxies in
general. Debate continues about the structure of the Milky
Way system, how it formed, and how its various substruc-
tures (halo, bulge, disk, globular clusters, satellites, and tidal
debris streams) formed with respect to one another. Physi-
cal processes possibly at work in forming the Milky Way in-
clude rapid dissipative collapse in the early universe (Eggen et
al. 1962) and slower accretion of separate subclumps (Larson
1969; Searle & Zinn 1978). More recent hierarchical models
suggest that spheroids form in a repetitive process during the
mergers of galaxies and protogalaxies, while disks form by
slow accretion of gas between merging events (e.g., White &
Frenk 1991).
Although hierarchical models based on cold dark matter
(CDM) show great success in reproducing the observable uni-
verse on scales larger than 1 Mpc, these models predict many
more dwarf galaxies than are actually seen around the Milky
Way (Moore et al. 1999). This discrepancy implies the ex-
istence of other mechanisms at work on small scales. For
example, Bullock, Kravtsov, & Weinberg (2000) suggested
that after the epoch of reionization, photoionization would
suppress gas accretion in small subhalos, keeping most of
them dark-matter dominated, and that a large fraction of those
subhalos that did become dwarf galaxies would be tidally
disrupted into the halos of their parent galaxies. However,
Grebel & Gallagher (2004) argue that the presence of an-
cient stars in all dwarf galaxies, along with their wide vari-
2ety of star formation histories, is evidence against a dominant
evolutionary effect from reionization. Furthermore, Shetrone
et al. (2003) demonstrated that chemical differences between
nearby dSphs and the Galactic halo imply that the halo is
not comprised of populations like those of present-day dSphs.
Whether or not accretion of dwarf galaxies is the dominant
source of stars in the halo, it is likely that such galaxies do
contribute, and at large galactocentric distances their stars can
remain in coherent orbital streams for 1 Gyr or more. The
discovery of the Sgr dwarf (Ibata et al. 1994) rekindled in-
terest in halo formation through accretion of dwarf galaxies,
leading to ambitious programs to map the spatial distribution,
kinematics, and chemical abundance in the halos of the Milky
Way (e.g., Morrison et al. 2000; Majewski et al. 2000) and
Andromeda (e.g., Ferguson et al. 2002; Guhathakurta et al.
2005). A spectacular example of this process has been found
in Andromeda (Ibata et al. 2001), which hosts a giant tidal
stream extending several degrees on the sky (McConnachie et
al. 2003). Indeed, the star count map of Ferguson et al. (2002)
shows complex substructure throughout Andromeda, while
also showing evidence for an underlying smooth spheroid ex-
tending to large radii.
Besides the overabundant satellite problem, another issue
with hierarchical CDM models is their prediction that gas
loses much of its angular momentum during disk formation,
resulting in theoretical disks that are much smaller than those
observed (Navarro & Benz 1991). Some have turned to warm
dark matter (WDM) cosmologies to alleviate this problem
(e.g., Sommer-Larsen & Dolgov 2001), but there is an indi-
cation that angular momentum remains a problem in these
models (see Bullock, Kravtsov, & Col´in 2002). Alternatively,
the solution might lie in the inclusion of supernova feedback
from the earliest generation of stars; recent models that show
promise in this area predict that the bulk of the disk population
was formed relatively late, at z . 1 (Thacker & Couchman
2001; Weil, Eke, & Efstathiou 1998), a prediction supported
by panchromatic surveys of large numbers of galaxies (Ham-
mer et al. 2005).
As the nearest giant spiral galaxy to our own, Andromeda
offers an essential laboratory for studying the evolution of
spiral galaxies. Given our vantage point, one might even ar-
gue that it is a better laboratory than our own Galaxy. At
770 kpc (Freedman & Madore 1990), the stars in Andromeda
all appear to be at approximately the same distance, and at
an inclination of 12o (de Vaucouleurs 1958), its various struc-
tures can be studied somewhat independently. We can resolve
Andromeda’s old main sequence stars with the Hubble Space
Telescope (HST), while the horizontal branch (HB) and upper
red giant branch (RGB) are accessible to observatories on the
ground. Recent years have seen an enormous increase in ob-
serving time directed at Andromeda, with deep pencil-beam
surveys providing its star formation history (e.g., Brown et
al. 2003; Brown et al. 2006; Stephens et al. 2003; Olsen et
al. 2006) and shallow wide-field surveys providing maps of
its morphology, metallicity, and kinematics (e.g., Ibata et al.
2001; Ibata et al. 2004; Ibata et al. 2005; McConnachie et al.
2003; Ferguson et al. 2002; Ferguson et al. 2005; Kalirai et
al. 2006b; Guhathakurta et al. 2005).
At first glance, Andromeda and the Milky Way appear to
be very similar; both are of similar Hubble type, luminosity,
mass, and size (van den Bergh 1992; van den Bergh 2000;
Klypin, Zhao, & Somerville 2002). However, we have long
known that the Andromeda spheroid is very different from
that of the Milky Way. The first evidence came from Mould
& Kristian (1986), who found that the mean metallicity in
the M31 halo, at 7 kpc on the minor axis, was surprisingly
high ([m/H]≈−0.6). Pritchet & van den Bergh (1994) subse-
quently found that the halo surface brightness profile, out to a
distance of 20 kpc on the minor axis, follows a de Vaucouleurs
exp[−7.67(r/re)1/4] profile instead of the r−2 power law ex-
pected for a canonical halo. These results were extended by
Reitzel & Guhathakurta (2002), Durrell et al. (2001, 2004),
and Bellazzini et al. (2003), who found that the high metal-
licity and de Vaucouleurs profile continued out to distances of
20–30 kpc on the minor axis. Recent surveys began probing
M31 over much wider areas and much more deeply. Ferguson
et al. (2002) mapped the density of bright RGB stars over 25
square degrees of the galaxy, finding significant substructure
in the halo and outer disk. With photometry extending down
to the oldest main sequence, Brown et al. (2003) reconstructed
the star formation history in the halo at 11 kpc on the minor
axis, and found a wide age distribution, with ∼30% of the
stars at ages of 6–8 Gyr. All of these studies suggested that the
M31 halo is dramatically different than the Milky Way halo,
begging the question “which is representative of large spiral
galaxies?” One possible answer comes from Mouhcine et al.
(2005), who found that the metallicities of spiral halos corre-
late well with their parent galaxy luminosities; the Milky Way
halo falls well off this metallicity-luminosity relation (being
unusually metal-poor for the parent galaxy mass), while the
M31 halo appears representative for large spiral galaxies. It
is unclear if this trend is due to a general tendency for more
massive galaxies to host a more dominant bulge, ingest more
satellites, and/or ingest larger satellites.
Recently, two independent groups (Guhathakurta et al.
2005; Irwin et al. 2005) studying the outskirts of M31 found
an extended stellar halo that more closely resembles the halo
of our own Milky Way. This extended halo begins to domi-
nate beyond 30 kpc, where the minor-axis surface-brightness
profile transitions from a de Vaucouleurs law to an r−2.3
law. From the colors in their photometric sample, Irwin
et al. (2005) concluded that the metallicity in the extended
halo was as high as it is in the region interior to 30 kpc,
but Guhathakurta et al. (2005), using a spectroscopically-
confirmed sample extending 3 times farther out on the minor
axis, found that this extended halo is metal poor. However,
the existence of a metallicity gradient was later confirmed by
Kalirai et al. (2006b). These discoveries can lead to a confu-
sion of terminology. It seems straightforward to refer to the
inner few kpc as the bulge, and to the stars beyond 30 kpc as
the halo, but what about the stars at 5–30 kpc on the minor
axis? Before the discovery of the extended metal-poor halo,
this population of metal-rich stars was generally referred to
as the halo, but it is quite possible that this stellar population
is more closely related to the bulge. Furthermore, there has
been considerable debate about the contribution of disk stars
at these radii. Kinematic studies indeed show that M31 has an
extended thick disk (Ibata et al. 2005). The minor-axis popu-
lation at 11 kpc from the center has kinematics that are incon-
sistent with a rotationally supported disk (Kalirai et al. 2006b;
Rich et al. in prep.), but the velocity dispersion is smaller than
might be expected for a purely pressure-supported stellar sys-
tem. Because the term “spheroid” normally refers to a struc-
ture that includes the bulge and halo, we use the term here
when referring to the extraplanar stars at 5-30 kpc, merely
to distinguish from those regions that can be clearly labeled
3bulge (within ∼5 kpc of the nucleus), disk (within ∼30 kpc
on the major axis), and halo (beyond ∼30 kpc on the minor
axis). However, our use of this term is not intended to imply
a smooth, relaxed, pressure-supported structure.
To further understand the formation of Andromeda, we
need to know the star formation histories of its various struc-
tures. To that end, we have now obtained deep HST images in
three fields, located in the inner spheroid, outer disk, and the
giant tidal stream. All of these images reach well below the
oldest main sequence turnoff (MSTO) in the galaxy, allowing
a reconstruction of the entire star formation history in each
field. Keck spectroscopy in each of these fields provides ad-
ditional kinematic information (Kalirai et al. 2006b; Reitzel
et al. 2006, in prep; Rich et al. 2006, in prep). In previous
papers (Brown et al. 2003; Brown et al. 2006) we presented
the preliminary analysis of the spheroid and stream fields. In
this paper, we present the detailed star formation histories in
the spheroid, stream, and outer disk of Andromeda. In §2, we
describe our observing strategy and the data. We describe the
data reduction in §3, followed by the production of the photo-
metric catalogs in §4. In §5, we describe our analysis, which
ranges from qualitative inspection of the color-magnitude dia-
grams (CMDs) to quantitative fitting of the star formation his-
tories, including a full exploration of the possible systematic
effects of our assumptions. In §6, we discuss the implications
of our analysis. The results of our study are summarized in
§7.
2. OBSERVATIONS
Using the Advanced Camera for Surveys (ACS; Ford et al.
1998) on HST, we obtained deep optical images of three fields
in M31: the spheroid, outer disk, and tidal stream (Figure 1;
Table 1). We used the F606W (broad V ) and F814W (I) fil-
ters on the Wide Field Camera (WFC). The spheroid data, ob-
tained in the first HST observing cycle with ACS, reach their
goal of ∼1.5 mag below the oldest MSTO, while the stream
and disk data, obtained two years later, reach their goal of
∼1.0 mag below the oldest MSTO.
The original spheroid program was proposed before the in-
stallation of ACS on HST, and at that time, no images of M31
had reached significantly below the level of the HB (3 mag
brighter than an old MSTO). Given the uncertainties in this
situation, our goal was an ambitious depth that would un-
ambiguously characterize the star formation history in the
spheroid. With the proven capabilities of ACS and the success
of this program, we subsequently proposed a less conservative
approach as far as depth was concerned, giving up 0.5 mag of
depth for the ability to explore two fields without increasing
the size of the observing program.
Surface brightness was the primary driver in field selec-
tion. There are two competing factors in obtaining a CMD
appropriate for reconstructing the star formation history. One
wants to maximize the number of stars in the CMD, to min-
imize contamination from foreground stars and background
galaxies, to minimize statistical uncertainties in the character-
ization of the population, and to allow the detection of subtle
CMD features (e.g., small bursts due to interaction of An-
dromeda with its satellites). One also wants to minimize the
crowding, in order to maximize the accuracy of the photom-
etry for a given exposure time. To explore these competing
factors, we created realistic simulations of ACS images under
various population assumptions, and found that the optimal
crowding is approximately one star of interest for every 50–
100 resolution elements; these results agree well with those
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FIG. 1.— A map of stellar density in the Andromeda vicinity, from counts
of RGB stars (Ferguson et al. 2002). Appropriately scaled and rotated boxes
denote our three fields (labeled). An ellipse marks the area within 30 kpc of
the galactic center in the inclined disk plane (labeled).
of Renzini (1998). The native ACS/WFC pixel size is 0′′.05,
which is approximately twice the width for critically sampling
the point spread function (PSF), so the number of resolution
elements is roughly the number of pixels. This translates into
∼250,000 stars in an ACS image, corresponding to a surface
brightness µV ≈26.3 mag per square arcsec, which defines a
roughly elliptical isophote around M31 that provides the op-
timal crowding.
Fortuitously, the intersection of this isophote with the
southern minor axis falls near a globular cluster (SKHB-312)
previously imaged with the Wide Field Planetary Camera 2
(WFPC2) on HST (Holland et al. 1997), so the exact position
of our spheroid image was chosen to place this cluster at the
edge of our field. Holland et al. (1996) determined the metal-
licity distribution in this field, and showed that it was very
similar to that observed in other fields throughout the inner
spheroid. Although Holland et al. (1997) reported a 10′′ tidal
radius for this cluster, we placed it at the edge of our field
in case deeper images revealed a larger extent to the cluster
that would contaminate a significant fraction of the image and
negatively impact the primary goal of studying the field popu-
lation. Our photometry of SKHB-312 reached well below its
MSTO, revealing a cluster age of 10 Gyr (Brown et al. 2004b).
Brown et al. (2004b) found no evidence for extended tidal tails
in the cluster, and so for the current study, we mask the area
within 15′′ of the cluster center. In the subsequent observa-
tions of the tidal stream and outer disk, there was only a can-
didate globular cluster (Bol D242; Galleti et al. 2004) near our
optimal position in the stream, and no known globular clus-
ters near our optimal position in the disk. The exact location
of the stream field was chosen to include this candidate clus-
ter (which subsequently turned out to be a superposition of
foreground stars), whereas the exact location of the disk field
was chosen to minimize the contribution from the spheroid,
based upon the disk/spheroid decomposition of Walterbos &
Kennicutt (1988). The surface brightness in the stream field is
4TABLE 1
FIELD CHARACTERISTICS
R.A. Dec. log NHI F606W F814W
Field (J2000) (J2000) (1019 cm−2) (ksec) (ksec) Date
spheroid 00:46:07.1 40:42:39 19.3a 139 161 2 Dec 2002 – 1 Jan 2003
stream 00:44:18.2 39:47:32 < 17.6b 53 78 30 Aug 2004 – 4 Oct 2004
disk 00:49:08.6 42:45:02 20.6a 53 78 11 Dec 2004 – 18 Jan 2005
aBraun et al. in prep; D. Thilker, private communication.
bThilker et al. (2004).
≈0.5 mag fainter than that in our original spheroid program,
while that in the disk field is ≈0.1 mag brighter than that in
our original spheroid program. The hydrogen column density
in the disk field is also much larger than that in the spheroid
and stream fields (see Table 1 for NHI measured at each of our
field positions).
Each exposure in a given bandpass was dithered so that
no two exposures placed a star on the same pixel. Dithering
smooths out sensitivity variations across the detector, fills in
the gap between the two halves of the ACS/WFC detector, al-
lows optimal sampling of the PSF, and enables the removal of
hot pixels. Our dither pattern employed three tiers of dithers
to optimize the data quality. The first two tiers determined
the nominal field position for one of our visits in a given band
(usually spanning two orbits), while the final tier provided a
4-point dither pattern to optimally sample the PSF within a
visit. The offsets in the first dither tier moved from -5 to +10
pixels in X, with steps of 5 pixels, and from +60 to -120 pixels
in Y, with steps of 60 pixels, to place the detector gap at four
adjacent positions on the sky. These first-tier offsets produce
four horizontal strips in our data where the field is underex-
posed by 25%; stars in these strips are ultimately discarded
from our catalog, but sampling the sky in the detector gap
yields more accurate PSF-fitting for the field because we have
contiguous photometry for all of the objects in the field. The
offsets in the second dither tier moved -4.5, 0, or +4.5 pixels
independently in X and Y, to smooth out small-scale varia-
tions in detector response, plus a random fractional pixel in
X and Y, to avoid aliasing effects between the various dithers,
the pixel plate scale, and the geometric distortion. The offsets
in the third tier were (0,0), (+1.5,0), (+1.5,+1.5), and (0,+1.5)
pixels in X and Y, to sample the PSF at twice the frequency
provided by a single exposure.
Each of these programs obtained brief exposures of Galac-
tic star clusters with the same filters on the ACS/WFC (Ta-
ble 2; Brown et al. 2005). The resulting CMDs provide em-
pirical isochrones that can be compared directly to the An-
dromeda CMDs and used to calibrate the transformation of
theoretical isochrones to the ACS bandpasses. These cluster
observations, the empirical isochrones, and the transforma-
tion of the theoretical Victoria-Regina Isochrones (Vanden-
berg, Bergbusch, & Dowler 2006) to the ACS bandpasses
are fully detailed by Brown et al. (2005). We will use these
empirical isochrones and theoretical isochrones here, shifted
to the Andromeda reference frame by assuming a distance
of 770 kpc (Freedman & Madore 1990) and a reddening of
E(B−V ) = 0.08 mag (Schlegel, Finkbeiner, & Davis 1998).
Over the region defined for fits to the star formation his-
tory, the theoretical isochrones agree with the observed cluster
CMDs at the 0.02 mag level.
A sample of bright RGB stars in our three fields has been
observed spectroscopically with Keck, providing crucial kine-
matic context for each field. The velocity data in all three
fields are presented by Kalirai et al. (2006b), but the focus of
that paper is the kinematic structure of the tidal stream. Rich
et al. (2006, in prep.) will focus on the kinematic structure of
the spheroid, while Reitzel et al. (2006, in prep.) will focus
on the kinematic structure in the outer disk. The velocity in-
formation in each of our fields is presented in Figure 2. The
velocities in the spheroid field show a broad distribution, with
no dominant contribution from a disk or a single stream. The
velocities in the stream field show it to be dominated (≈ 3/4)
by stars moving in two narrow stream components, with the
remainder in the spheroid. The velocities in the disk field
show it to be dominated (≈ 2/3) by stars moving in a disk
component, with the remainder in the spheroid.
3. DATA REDUCTION
If calibrated data are retrieved from the HST archive as soon
as they are available, they will generally not have the best
dark and bias subtractions, because those calibration products
are created weeks later from a contemporaneous set of data
that was obtained in the days surrounding a given observa-
tion. Thus, months after these observations, we re-retrieved
the images, yielding data with the latest ACS pipeline calibra-
tion, including an appropriate dark subtraction, flat-field, and
bias correction; these are the “FLT” files in the ACS pipeline.
We then subtracted an iteratively sigma-clipped median sky
level from each quadrant of each image to avoid an unneces-
sary increase in image noise during the later coaddition of the
images; this also corrects for small quadrant-dependent bias
residuals. We used the PyRAF DRIZZLE package (Fruchter
& Hook 2002) to register the individual images, correct for
geometric distortion and plate scale variations, reject cosmic
rays, and coadd all of the frames in a given bandpass. The
geometric distortion correction employed the coefficients pro-
vided by the ACS calibration pipeline for each image, which
include both the general geometric distortion and also the
time-varying plate scale changes due to velocity aberration.
As part of the drizzle process, the images were resampled to
a plate scale of 0′′.03 pixel−1. Residual shifts, rotations, and
plate scale variations were corrected as part of our registra-
tion process, and thus our reduction is immune to the software
errors that have sometimes caused registration and photome-
try problems in the MULTIDRIZZLE software (although note
TABLE 2
PARAMETERSa OF GALACTIC CLUSTERS OBSERVED WITH ACS
(m−M)V E(B−V) age
Name (mag) (mag) [Fe/H] (Gyr)
NGC 6341 (M92) 14.60 0.023 −2.14 14.5
NGC 6752 13.17 0.055 −1.54 14.5
NGC 104 (47 Tuc) 13.27 0.024 −0.70 12.5
NGC 5927 15.85 0.42 −0.37 12.5
NGC 6528 16.31 0.55 +0.00 12.5
NGC 6791 13.50 0.14 +0.30 9.0
aBrown et al. 2005 and references therein.
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FIG. 2.— The velocities (upper panels) and CMDs (lower panels; Hess diagrams at a logarithmic stretch) for our three fields, with representative error bars
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with the remainder in a broader spheroid component at the systemic velocity (Kalirai et al. 2006b). The disk field (c) is dominated by a narrow disk component,
redshifted due to the rotation of the disk, with the remainder in a broader spheroid component at the systemic velocity (Reitzel et al. in prep). The populations
in the spheroid (d) and stream (e) look remarkably similar (Brown et al. 2006), although the spheroid data are 0.5 mag deeper. The disk, in contrast, shows
a younger population (note the red clump HB morphology and the blue plume above the dominant MSTO) at higher mean metallicity (note the redder RGB).
Figures 6 and 7 highlight the distinctions among the three populations.
6that we do not use MULTIDRIZZLE in our reduction).
To register the images, we drizzled the images to individ-
ual output frames that were corrected for geometric distortion
and velocity aberration, with relative shifts determined by the
pointing information in the image headers (closely matching
our commanded dither pattern). The positions of ∼10,000
relatively bright stars, well-detected in the individual images,
were then measured in each image through the entire image
stack, using an iterative fit of a Gaussian profile to each star.
These stellar positions were used to refine the offsets (devia-
tions from the guide star offsets), rotations (deviations from
the fixed orientation requested), and plate scale changes (tele-
scope breathing and residual velocity aberration). Using the
refined knowledge of the relative astrometry, we re-drizzled
the images to individual output frames. These refinements to
the offsets, rotations, and scales are iterated until the positions
of the bright stars in the individual images are aligned to better
than 0.01 pixels.
Next we created masks of cosmic rays and problematic pix-
els. Although saturated pixels are masked in the data quality
array (along with some of the hot and dead pixels), saturation
is only an issue for the handful of bright foreground stars and
not stars in M31; in our half-orbit exposures, a star would
have to be brighter than 20.6 mag in either bandpass and
well-centered in a pixel for saturation to occur. To create our
masks, we first calculated a clipped median of all the images
in a given band, resulting in our first pass at the deep image
in that band. The first-pass images were then reverse-drizzled
(or “blotted” in the drizzle nomenclature) back to the origi-
nal frame of the individual images. The comparison of these
blotted images with each FLT image enabled the creation
of masks for the cosmic rays, self-annealed pixels (oversub-
tracted by the dark calibration), and short-term transient warm
and hot pixels not corrected by the contemporaneous dark cal-
ibration. To create a complete mask for each frame, these
custom masks were combined with the pipeline-provided data
quality masks in which we include all pixels flagged for any
reason. The masked images were then coadded, with weight-
ing by exposure time, to create a second-pass deep image in
each band. Because this iteration was significantly improved
over the first pass (median image), these second-pass deep
images were then blotted back to the original frames of the
individual images, to enable refinement of the image masks.
The frames were coadded a third time to create the final im-
age in each bandpass. We then added a flat sky component to
each final image, representing the exposure-weighted mean of
the sky background subtracted from the individual frames, to
ensure that the counting statistics were appropriate in the sub-
sequent photometric reduction. In Figure 3, we show a false-
color 30′′× 30′′ subsection of our spheroid field, combining
the images in F606W and F814W filters.
Although this process was repeated on the full set of data
for each field, we also applied the process to a subset of the
spheroid data chosen to match the shorter exposure times in
the stream and disk. In this paper, the fits to the star formation
history in the spheroid utilize the full dataset, but the shal-
lower version of the spheroid data is useful for making a fair
comparison of the CMDs of the three fields. Spheroid CMDs
utilizing this subset of the data are labeled “matched.”
4. PHOTOMETRY
We used the DAOPHOT-II (Stetson 1987) PSF-fitting pack-
age to obtain photometry of each field. Empirical PSFs were
created from the images using the most isolated and well-
exposed stars, with a radius of 23 pixels (0′′.69). We first
performed an initial pass of object detection and aperture pho-
tometry. The resulting object catalog was then clipped to re-
tain only those well-detected stars that fell within the domi-
nant stellar locus in the CMD (rejecting outliers that are ob-
vious blends and background galaxies), while also avoiding
those stars near the tip of the RGB and in the instability strip
(which can be variable and thus have PSFs adversely affected
by the cosmic-ray cleaning). We then screened for stars with
relatively bright neighbors; to be a valid PSF star, all neigh-
bors within 15 pixels must be at least 3 mag fainter than the
PSF star, and all neighbors within 22 pixels must be at least
2 mag fainter than the PSF star. Finally, we created a SExtrac-
tor (Bertin & Arnouts 1996) map of the thousands of back-
ground galaxies in our image, and removed from our list of
PSF candidates any star within 23 pixels of an extended ob-
ject. We also removed stars within 23 pixels of an image bor-
der or a bad pixel (e.g., due to charge bleeding from saturated
stars). This resulted in ∼2000 PSF candidates per field in the
disk and spheroid and ∼1600 PSF candidates in the stream
field. These PSF stars were then passed through an iterative
process to create the empirical PSF for each bandpass in each
field. In the first pass, we used the PSF of Brown et al. (2003)
as an initial guess at the current PSF. We fitted this PSF to the
catalog of stars, subtracted those stars, and then performed a
new round of object detection on the residual image to find the
fainter stars uncovered. We added these stars to the catalog,
and repeated the PSF-fitting photometry for the entire cata-
log. Stars neighboring each PSF star were then subtracted,
and a new PSF was then created. During this process, we
eliminated PSF stars whose fits were high χ2 outliers (as re-
ported by DAOPHOT-II). Also PSF stars were cut from the
list if PSF subtraction uncovered close stellar blends with the
PSF star or revealed underlying deviant pixel artifacts. Us-
ing such a large number of PSF stars, we are able to com-
pare the morphology of the PSF-subtracted residuals to those
of nearby PSF stars and reject any with morphology deviat-
ing from the pattern in that particular region of the image.
This process was iterated, each time increasing the allowed
degree of spatial variability in the fit, starting from a spatially-
constant PSF and ending at a third-order polynomial variation
with field position. This degree of variability is an advantage
of the stand-alone DAOPHOT-II code, as the IRAF version
only allows a second-order trace of the strong spatial varia-
tion in the ACS/WFC PSF. Once we stopped increasing the
degree of spatial variability in the PSF, we iterated two more
times, purging problematic PSF stars after each new round of
PSF production, until an accurate spatially-varying PSF was
created for each bandpass in each field. In the end, ∼1600
stars were used to create the PSF in the disk and spheroid
fields, while ∼1400 stars were used in the stream field.
With the empirical PSFs in hand, we performed PSF-fitting
photometry on the images to create the catalog of stars in each
field. First, we used the “find” routine in the DAOPHOT-
II package and a 5σ detection threshold on the sum of the
F606W and F814W images, to create the initial pass at ob-
ject detection. After making an initial estimate of magnitudes
for the catalog with a round of aperture photometry in each
band, the catalog was cleaned of PSF substructure misidenti-
fied as stars in the vicinity of well-exposed stars. The aperture
photometry was then used as the starting point for PSF-fitting
photometry. After these stars were fitted and subtracted from
each image, we summed the residual images in F606W and
F814W to create a new detection image, which was again fed
7FIG. 3.— A 30′′× 30′′ subsection of our spheroid field, with a logarithmic stretch. The blue channel comes from the F606W exposure, the red channel comes
from the F814W exposure, and the green channel comes from the sum of those two bands. A yellow box marks a star near the MSTO, at mF814 = 29 mag,
mF606W −mF814W = −0.45 mag; it is clear that stars are detected well below this point. This subsection was chosen to give examples of the types of objects
in our field – Galactic foreground stars (with diffraction spikes), background galaxies, and Andromeda stars – but it is not a typical patch. Most of the image is
dominated by Andromeda stars.
to the find routine with a 5σ threshold. The detections in this
second pass were often noise residuals from the subtraction of
the stars in the first pass, or other image artifacts revealed by
the subtraction. Our first screen of these artifacts was made
using the sharpness measurement produced by the find algo-
rithm. We cut 4σ outliers in the sharpness distribution. We
then screened artifacts from bright star residuals (consistent
with Poisson noise) by removing detections within a given
magnitude-dependent radius of stars in the first-pass catalog;
the radius is magnitude-dependent because for fainter stars,
the residuals approach sky noise at a smaller radial distance
from the center of the PSF. We obtained aperture and then
PSF-fitting photometry of the second-pass stars, without re-
centering, using the original F606W and F814W images (i.e.,
the deep drizzled images as they stood before any PSF sub-
tractions). The first-pass and second-pass star lists were then
combined, and another run of PSF-fitting photometry (now
allowing recentering) was performed on the original F606W
and F814W images. DAOPHOT-II reports a goodness-of-fit
(χ2) statistic for the PSF fits to each star; we analyzed the
distribution of this χ2 statistic as a function of stellar magni-
tude, and marked those objects in the deep images that had
high χ2 values. Inspection of the marked images showed that
these outliers were primarily due to close blends, PSF arti-
facts (e.g., diffraction spikes), and/or objects superimposed
on background galaxies (which include both true Andromeda
stars superimposed on background galaxies and substructure
within background galaxies incorrectly identified as stars).
8We clipped from the catalog these outliers in the χ2 distri-
bution. This clipping is responsible for much of the improve-
ment between the CMDs shown here and that shown in the
preliminary publication of the spheroid CMD (Brown et al.
2003). Finally, we discarded those stars falling in parts of
the image without the full exposure (due to dithering the im-
age edges and the detector gap). Note that our artificial star
tests (discussed below) included all of the same processes and
evaluations used in the process that created the photometric
catalog, so that any rejection of real stars is reproduced in the
simulated CMDs.
The PSF-fitting photometry was put on an absolute mag-
nitude scale by normalizing to aperture photometry on the
brightest stars. That aperture photometry was itself put on
an absolute magnitude scale using aperture corrections deter-
mined from TinyTim (Krist 1995) models of the ACS PSF.
The aperture corrections were verified with observations of
the standard star EGGR 102 (a V = 12.8 mag DA white
dwarf) in the same filters; the agreement between the standard
star photometry and the TinyTim model is at the 1% level. In
Figure 2, we show the CMD for each field at its full depth,
along with the associated velocity distribution of RGB stars
in each field (Kalirai et al. 2006b; Rich et al. in prep; Reitzel
et al. in prep.). Due to the large numbers of stars in each field,
a traditional CMD (with a point for every star) is saturated
and difficult to interpret; instead, we have binned the data into
Hess diagrams, with shading indicating the number of stars
per bin. The same logarithmic stretch (characterized by the
scales under each CMD) spans the full range of stellar density
in each CMD, but that range varies from field to field given
the variation in surface brightness and observing depth. The
stretch was chosen to reveal both the subtle and gross prop-
erties of each population. We also plot representative errors
bars in each CMD, measured by taking the standard deviation
between the input and output values for the given color and
magnitude in our artificial star tests (discussed below); note
that crowding is the dominant source of scatter in each band-
pass, which causes photometric errors to be larger in either
mF606W or mF814W than in mF606W −mF814W .
Our photometry is in the STMAG system:
m = −2.5× log10 fλ − 21.1 mag, where fλ =
e− × PHOTFLAM/EXPTIME, EXPTIME is the expo-
sure time, and PHOTFLAM is 7.906× 10−20 erg s−1 cm−2
Å−1 / (e− s−1) for the F606W filter and 7.072 × 10−20
erg qs−1 cm−2 Å−1 / (e− s−1) for the F814W filter. The
STMAG system is a convenient system because it is ref-
erenced to an unambiguous flat fλ spectrum; an object
with fλ = 3.63× 10−9 erg s−1 cm−2 Å−1 has a magnitude
of 0 in every filter. Another convenient and unambigu-
ous system that is widely used is the ABMAG system:
m = −2.5× log10 fν − 48.6 mag; it is referenced to a flat
fν spectrum, such that an object with fν = 3.63 × 10−20
erg s−1 cm−2 Hz−1 has a magnitude of 0 in every filter. It
is thus trivial and unambiguous to convert any of the data
presented herein from STMAG to ABMAG: for F606W,
ABMAG = STMAG − 0.169 mag, and for F814W, AB-
MAG = STMAG − 0.840 mag. Although our photometry
could be transformed to ground magnitude systems (e.g.,
Johnson V and Cousins I) for comparison to theoretical
isochrones as well as other data in the literature, such trans-
formations always introduce significant systematic errors
(see Sirianni et al. 2005). Instead of converting HST data to
ground bandpasses, it is preferable to produce models in one
of the HST instrument magnitude systems, in either STMAG
or ABMAG.
Brown et al. (2006) found excellent agreement between the
HB and RGB distributions in the stream and spheroid popu-
lations if the stream is assumed to be 0.03 mag (11 kpc) more
distant than the spheroid. The sense of the offset in lumi-
nosity is in agreement with the velocities of the stars in the
stream, which imply that the stream is falling into Andromeda
from behind it (Figure 2b; see also McConnachie et al. 2003).
Brown et al. (2006) also found a 0.014 mag offset in color be-
tween the stream and spheroid data, which is well within the
uncertainties in calibration and reddening. Thus, we shifted
the stream CMD 0.03 mag brighter and 0.014 mag to the red,
to put it in the same frame of reference as the spheroid data.
These shifts are very small, and make very little difference to
the CMDs displayed herein or to the various fits to the stream
data, but we apply these shifts because they are appropriate
to the best of our knowledge. The distinctions between the
spheroid and disk CMDs are far larger than the calibration
and reddening uncertainties, and in fact no single shift in color
and luminosity can align the features of the disk and spheroid
CMDs. Thus, to the best of our knowledge, the distinctions
between the disk and spheroid data are physical, and so the
disk data are analyzed without modification.
It is worth noting the implications of our shifts to the stream
data if these shifts are entirely due to a difference in ex-
tinction. The Schlegel et al. (1998) extinction map gives
E(B−V) = 0.08 mag at our spheroid and disk positions and
E(B−V ) = 0.05 mag at our stream position, but this varia-
tion is within the uncertainties for their map, which are gen-
erally ∼ 0.02 mag in random fields and a bit higher near Lo-
cal Group galaxies. At 3,500 ≤ Teff ≤ 35,000 K, synthetic
spectra folded through the ACS and ground bandpasses imply
E(mF606W −mF814W ) ≈ E(B−V ). So, if we took the map
at face value, we would shift the stream data 0.03 mag to
the red and 0.05 mag fainter, to put the stream data in the
same extinction reference frame as the spheroid data. How-
ever, a 0.03 mag shift to the red is larger than the 0.014 mag
required to align the stream and spheroid color distributions
at the HB and RGB. Given the uncertainties in the extinction
map, we could instead shift the stream data 0.014 mag to the
red and 0.02 mag fainter. This would align the color distri-
butions of the stream and spheroid at the HB and RGB, but
the stream HB would be 0.03+ 0.02= 0.05 mag fainter than
the spheroid HB, implying that the stream distance modulus
in our field is 0.05 mag larger than the spheroid distance mod-
ulus. In any case, given that the calibration uncertainties for
the mF606−mF814W color are also at the same level as the color
shift, it is not appropriate to read too deeply into these small
shifts in color and magnitude between the fields.
Damage to the CCDs due to radiation in space leads to
charge transfer inefficiency (CTI), a problem that is partic-
ularly noticeable in large-format CCDs. CTI causes stars to
appear fainter than they actually are. The ACS WFC detec-
tor consists of two chips, with 4096× 2048 imaging pixels
each, separated by a small gap. Each CCD is read out through
two serial amplifiers, with 24 physical pixels of leading se-
rial overscan for each and 20 rows of trailing virtual overscan
in the parallel clocking direction, yielding a final downlinked
image format of 4144× 2068 for each CCD. Stars that fall
closer to the gap undergo more parallel transfers when the
detector is read, and thus suffer from more charge loss due
to CTI (for these CCDs, at the ACS operating temperature
and clocking rates, the CTI effects after radiation exposure are
9much more significant in the parallel clocking direction than
in the serial). The CTI correction is approximately linear with
the position of a star relative to the gap, and approximately
linear with the age of the detector. The correction is larger for
faint stars and smaller when there is a significant background.
Our spheroid field was observed shortly after the ACS launch,
while the stream and disk fields were observed two years later.
The standard CTI correction (Riess & Mack 2005) was de-
rived for brighter stars with lower backgrounds than the situ-
ation in our images. Thus, it is somewhat uncertain whether
or not one should extrapolate these CTI corrections into the
regime of our data, which includes the deepest stellar pho-
tometry obtained with HST to date. Fortunately, CTI does not
appear to be a significant problem in our images. We checked
the effects of CTI by constructing CMDs of stars extracted
from a range of horizontal bands across the image. The CMD
includes two horizontal features separated by approximately
3 mag in luminosity: the HB and the subgiant branch (SGB).
The luminosity of each of these features can be determined
by taking a vertical cut through the CMD in the vicinity of
each feature (using a region restricted in color to avoid other
evolutionary phases). If CTI were a significant problem in
our data, one would expect the luminosity offset between the
HB and SGB to vary by a few hundredths of a magnitude as a
function of vertical position in the image, given the intensity
of the sources and the observed sky background. In reality,
we find that this offset varies by .0.001 mag across the im-
age. Thus, there are probably additional factors contributing
to the CTI mitigation, besides the sky background of ∼100
counts per pixel. Because the images are crowded with stars
and background galaxies, most stars are clocked across pix-
els where the charge traps have already been filled by other
sources. Given the lack of evidence for CTI, we do not at-
tempt a CTI correction. Note that any CTI correction applied
to these data would tend to make the stellar populations look
slightly younger, because the fainter main sequence and sub-
giant stars would have a larger correction than the brighter HB
stars.
We next performed extensive artificial star tests to charac-
terize the completeness and photometric scatter as a function
of color and magnitude in each field. These tests required
months of computations on a dedicated cluster of 10 proces-
sors. In all, 5 million artificial stars were added to each field
and blindly recovered, with these stars spanning the full range
of color and magnitude populated by the stellar locus. These
stars were added in 1000 passes with 5000 stars per pass, to
avoid significantly increasing the crowding in the images. The
artificial stars were blindly recovered with a process identical
to that used for the photometric catalog. The completeness ex-
ceeds 80% at mF814W ≤ 30.5 mag in the spheroid data, and ex-
ceeds 80% at mF814W ≤ 30.0 mag in the disk and stream data,
but it drops off rapidly below these magnitudes. These limits
drive the faint limit of the region we fit for the star formation
history. Note that the images detect stars significantly fainter
than those presented in the CMDs presented here; compared
to the reduction of Brown et al. (2003), the catalog depth and
completeness have been somewhat reduced by the higher de-
tection threshold and rigorous cleaning process we have em-
ployed here.
5. ANALYSIS
5.1. Inspection of the Color-Magnitude Diagrams
Before turning to the quantitative fitting of the CMDs, much
can be learned from simple visual inspection. The CMD for
the population in each field is shown in Figure 2. At first
glance, all three CMDs look remarkably similar, even though
the populations have distinct kinematics. All of them show
a broad RGB, indicative of a wide metallicity range. In each
field, the majority of the stars between the MSTO and the base
of the RGB are clustered in a tight locus. Given the spread in
metallicity, this tight SGB locus indicates a wide range in age,
with younger stars generally more metal-rich than older stars.
A minority population of stars appears in a blue plume above
the MSTO, representing a young population with a wide range
of metallicities. We return to the SGB and blue plume below.
Each of the fields has a well-defined HB, although the HB
in the disk field is largely restricted to a red clump, while in
the stream and spheroid ∼10% of the HB stars fall on the
blue end of the HB. None of the fields have an extended hot
HB, as seen in massive Galactic globular clusters spanning a
wide range in metallicity (e.g., M19, at [Fe/H] = −1.68, and
NGC6441, at [Fe/H] = −0.53; Piotto et al. 1999; Rich et al.
1997). Instead, the blue HB, when present, very closely re-
sembles that of typical metal-poor clusters, such as M92, at
[Fe/H] = −2.1 (see Brown et al. 2003). The RGB luminos-
ity function bump is prominent in each CMD, at a luminosity
∼0.5 mag fainter than the red end of the HB; this bump is a
metallicity indicator, becoming fainter (relative to the HB) at
higher metallicities, and in all three fields its spread in lumi-
nosity is another indication of a spread in metallicity. None
of the CMDs shows multiple discrete turnoffs, as might be
expected from pulses of star formation.
In Figure 4, we compare the CMDs to our globular cluster
fiducials (Table 2; Brown et al. 2005). Due to their wide range
of metallicities, the clusters span most of the RGB width in the
M31 CMDs. However, because the clusters are old, there is an
obvious trend for the MSTO and SGB in the more metal-rich
clusters to be too faint relative to those features in the M31
CMDs. In the bottom panels of Figure 4, we show a com-
parison of the M31 CMDs to calibrated isochrones at three
different ages (3, 8, and 13 Gyr) and three different metal-
licities ([Fe/H] = 0, −1, and −2). It is clear that the old
(> 10 Gyr) populations in these fields must be predominantly
metal-poor ([Fe/H]≤−1), and that the metal-rich populations
([Fe/H]> −1) must be of intermediate age (∼ 6–8 Gyr). An
old metal-rich population would have a MSTO much redder
and fainter than observed, while an intermediate-age metal-
poor population would have a MSTO much bluer and brighter
than observed. That said, there is a minority population of
young stars spanning a wide range in metallicity, with the
brightest and bluest stars in the plume matched by the 3 Gyr
isochrone at [Fe/H] = −2.
The implications of the SGB distribution warrant additional
discussion. The isochrones in Figure 4 show that the lumi-
nosity of the SGB decreases with either increasing age or
increasing metallicity. Thus, different age-metallicity rela-
tions for the stars in our CMDs would be expected to produce
different luminosity distributions across the SGB. To evalu-
ate the implications of this constraint, we show in Figure 5
hypothetical populations of stars in the vicinity of the SGB
as they would appear if observed under the same conditions
as in our spheroid field. The upper panels present the age-
metallicity relations of the isochrones employed to construct
each model population, with the stars divided equally among
the isochrones. The lower panels show the corresponding
CMDs resulting from these hypothetical populations. Even
with a very wide range in age, a single metallicity does not re-
produce the width of the RGB (panels a and e); this is because
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FIG. 4.— Top panels: The CMDs of the spheroid (a), stream (b) and disk (c), compared to the ridge lines of the Galactic globular clusters in Table 2 (colored
curves). The Andromeda data are shown as Hess diagrams with the same binning used in Figure 2, but over a narrower range of color and luminosity. The
ridge lines shift redward with increasing cluster metallicity. Bottom panels: The CMDs of the spheroid (d), stream (e) and disk ( f ), compared to isochrones at
[Fe/H] = −2 (yellow curves), −1 (pink curves), and 0 (light blue curves), and ages of 3, 8, and 13 Gyr (running from left to right for each color). It is clear that
the old (> 10 Gyr) populations in these fields must be predominantly metal-poor ([Fe/H]≤ −1), and that most of the metal-rich populations ([Fe/H]>−1) must
be of intermediate age (∼ 6–8 Gyr).
the RGB is far more sensitive to metallicity than to age. More-
over, the SGB luminosity distribution is much wider than ob-
served. If one has old metal-rich stars and young metal-poor
stars (panels b and f ), the RGB becomes much wider, but
the SGB luminosity distribution is still much wider than ob-
served. If all of the stars are at a single age (panels c and g),
the SGB narrows, but it is still wider than the SGB observed
in our fields. It is only when one has young metal-rich stars
and old metal-poor stars (panels d and h) that the SGB locus
becomes very tight and horizontal, as observed for the dom-
inant populations in our three CMDs, while at the same time
reproducing a wide RGB. Because the RGB is more sensitive
to metallicity than to age, while the MSTO is very sensitive
to both, one is able to break the age-metallicity degeneracy in
studies employing this region of the CMD. Note that relatively
young and metal-poor stars (panels a, b, e, and f ) are needed
to explain the brightest and bluest stars in the blue plume of
our observed CMDs.
The similarities at the HB and RGB between the stream
and spheroid imply that these populations have very similar
metallicity distributions, at least at the positions of our fields
(Brown et al. 2006). Much farther out in the galaxy (31 kpc
from the center), Guhathakurta et al. (2006) found that the
stream was more metal-rich than the surrounding spheroid,
but this finding is not inconsistent with our results. Kalirai et
al. (2006a) have shown that the spheroid of Andromeda has
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FIG. 5.— Top panels: Four hypothetical populations of stars. In each population, the stars are equally distributed among 20 isochrones with distinct distributions
in age and metallicity. Bottom panels: Model CMDs for these hypothetical populations, with the observational errors and completeness of our spheroid data,
shown at a logarithmic stretch.
a metallicity gradient, such that it is significantly more metal
poor at 30 kpc than it is close to the galaxy’s center. Our find-
ing of similar metallicities between the stream and spheroid
in our interior fields, when combined with the Guhathakurta
et al. (2006) results, reaffirms the existence of this metallicity
gradient.
Although the CMDs for each field have many similari-
ties, closer inspection reveals significant distinctions, espe-
cially between the disk and the other two fields. We highlight
these distinctions in Figure 6, which shows the differences
between the stream and spheroid and also those between the
disk and spheroid. The spheroid data used in each compar-
ison are a subset that reaches approximately the same depth
as the stream and disk data. The spheroid CMD was also
scaled to the number of stars in each of the other two CMDs
before subtracting; note that it makes little difference if this
normalization is done based on the total number of stars in
each field or just those well above the detection limits (e.g.,
mF814 < 28 mag). Relative to the spheroid main sequence, the
stream main sequence extends somewhat farther to the blue,
even though the RGB and HB distributions are nearly iden-
tical. Thus, the age distribution in the stream must extend to
slightly younger ages than those in the spheroid (as also noted
by Brown et al. 2006). In contrast, the distributions of age and
metallicity in the disk extend to significantly younger ages
and higher metallicities than those in the spheroid and stream,
and the old metal-poor population is not as prominent. The
RGB stars in the disk are skewed toward redder colors, while
the HB population is largely restricted to the red clump; both
of these features indicate a higher metallicity in the disk. In
the disk population, the red clump HB is also somewhat ex-
tended in luminosity, indicating a younger age distribution (an
excellent example of the variation in clump luminosity with
age can be seen in the Monelli et al. [2003] study of the Ca-
rina dwarf spheroidal). There does not appear to be a signif-
icant population on the blue HB, although a trace population
might be hidden in the blue plume of stars rising above the
dominant MSTO; Figure 6f shows an oversubtraction of the
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blue HB from the spheroid (dark boxes) appearing within the
cloud of undersubtracted blue plume stars from the disk (light
boxes). The stronger plume in the disk population indicates
an extension to significantly younger ages. The plume in the
disk population includes ≈40 stars that are brighter than the
region where the blue end of the HB would nominally fall, im-
plying that these bright blue stars have masses of ∼2–5 M⊙
and ages of ∼0.2–1 Gyr. Note that Cuillandre et al. (2001)
have also seen evidence for trace populations of young stars
in the outer disk of M31. However, the disk does not look
quite as young as one might expect if there were a significant
thin disk population – a point we will return to later.
In a field population, it is difficult to distinguish between
young metal-poor stars and old blue stragglers (see Carney,
Latham, & Laird 2005 and references therein). Thus, some
of the apparently young stars in our CMDs (. 6 Gyr) might
instead be blue stragglers. However, whether blue stragglers
form via merger or mass transfer, in an old population they
will be limited to M .2 M⊙. All three of our fields show blue
plume stars as bright as the HB over a wide range of color, and
in the disk these stars continue to luminosities significantly
brighter than the HB. The high masses required to explain the
brightest stars in the blue plume population imply that truly
young stars are present, and these stars appear to be a smooth
extension of the fainter blue plume population. This argues
against a significant contribution from blue stragglers in the
blue plume.
If we fit Gaussian distributions to the velocity data in our
fields (Figure 2), we find that the spheroid is a ∼25% con-
tamination in our stream field and a ∼33% contamination in
our disk field. Given the wide separation between our fields
(Figure 1), we cannot necessarily assume that the population
in our spheroid field is representative of the spheroid contam-
ination in our stream and disk fields. However, it is natural to
ask how the stream and disk CMDs would look if the spheroid
contamination were subtracted under the assumption that the
population in our spheroid field is in fact representative of
this contamination. To show this, we used that subset of the
spheroid data that is matched to the depth of the stream and
disk data. We randomly drew a star from these spheroid data,
found the star in the stream data that most closely agreed in its
photometry, and then subtracted that star from the stream data.
These subtractions were repeated until 25% of the stream stars
were removed. In 99% of the subtractions, the star subtracted
from the stream data was within 0.02 mag of the spheroid star,
and in 99.9% of the subtractions, the star subtracted from the
stream data was within 0.1 mag of the spheroid star; the hand-
ful of stars that could not be matched at this level fell very
far from the dominant stellar locus (in the negligible cloud of
sparse stars at random colors and magnitudes), and these were
not subtracted. We repeated this process on the disk data,
but there subtracted 33% of the disk stars; again, 99% of the
subtractions matched disk to spheroid stars within 0.02 mag,
while 99.9% of the subtractions matched disk to spheroid stars
within 0.1 mag. The resulting CMDs are shown in Figure 7.
Because of the many similarities between the original three
CMDs (Figure 2), the changes due to the subtraction of the
spheroid contamination are subtle. To help highlight the dif-
ferences between the three fields, we also show luminosity
and color cuts across the CMDs (colored boxes); panels d and
e show the color distributions on the lower RGB and HB, re-
spectively, while panels f and g show the luminosity distribu-
tions at the red clump and SGB, respectively. The color and
luminosity cuts help quantify the similarities and differences
between the populations discussed above and shown in Fig-
ure 6. Compared to the spheroid population, the stream pop-
ulation exhibits similar RGB and HB morphologies, but its
main sequence extends somewhat brighter and bluer. In con-
trast, the disk population exhibits RGB and HB morphologies
that are skewed toward redder colors, with the main sequence
showing a strong extension to brighter and bluer colors.
5.2. Maximum Likelihood Fitting of Isochrones
We turn now to the quantitative fitting of our CMDs. Our
characterization of the star formation history in each field pri-
marily uses the StarFish code of Harris & Zaritsky (2001).
This code takes a grid of isochrones, populates them accord-
ing to the initial mass function (IMF), then applies the pho-
tometric scatter and incompleteness (as a function of mag-
nitude and color) determined in the artificial star tests. The
code then fits the observed CMD by employing linear combi-
nations of the scattered isochrones. The fitting can be done via
minimization of either a χ2 statistic or the Maximum Likeli-
hood statistic of Dolphin (2002). We found little difference
between fits done with either statistic, and ultimately used the
Maximum Likelihood statistic in our analysis.
In the StarFish fitting, each isochrone at a given age and
metallicity is varied independently, resulting in a large num-
ber of free parameters in the fit. This method is similar to
most of the star formation history methods used in the litera-
ture (e.g., Dolphin 2002; Skillman et al. 2003). Although the
term “star formation history” might imply a physical connec-
tion between the subpopulations, this method is really a fit to
the age and metallicity distributions. In addition to StarFish,
we wrote our own codes that fit the isochrones to the data ac-
cording to mathematical and physical restrictions that greatly
reduce the number of free parameters; these models will be
the subject of a future paper.
We do not fit the entire range of stars observed in the CMD.
Instead, we restrict our fits to the lower RGB (below the level
of the HB), SGB, and upper main sequence. Specifically, we
fit over −0.9 ≤ mF606W −mF814W ≤ −0.1 mag in color, and
26.5≤mF814W ≤ 30.5 mag in magnitude for the spheroid data
and 26.5 ≤ mF814W ≤ 30.0 mag in magnitude for the stream
and disk data (which are ≈0.5 mag shallower). This region
of the CMD offers excellent sensitivity to age and metallicity
while avoiding those regions of the CMD that have low signal-
to-noise ratio or that are poorly constrained by the models
(such as the HB, the upper RGB, the RGB luminosity func-
tion bump, and the faint end of the CMD). The HB is a qual-
itative indicator of age and metallicity, becoming redder at
younger ages and higher metallicities, and eventually forming
a red clump with a significant spread in luminosity. However,
disentangling the effects of age and metallicity is highly un-
certain; indeed, the “second parameter debate” in the study
of HB morphology refers to the dependence of the HB mor-
phology on parameters other than metallicity, such as age and
helium abundance. Although Galactic foreground stars com-
prise much less than 1% of the stars in our field, they tend to
fall near the upper RGB in M31, which is sparsely populated
in our data; the upper RGB is thus the one region of our CMDs
with significant foreground dwarf contamination. In addition,
the upper RGB is contaminated by asymptotic giant branch
(AGB) stars, which in turn have a distribution depending on
the age and [Fe/H] of their progenitor HB stars. The RGB lu-
minosity function bump is a qualitative metallicity indicator,
and it is most prominent in CMDs of metal-rich populations,
where it appears as an overdensity on the RGB immediately
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FIG. 6.— Comparisons of the CMDs for our three fields. The ridge line for NGC 104 (curve) is shown for reference. a) The CMD of the spheroid field, shown
at its full depth, at a logarithmic stretch. b) The CMD of the stream field. c) The CMD of the disk field. d) The CMD of the spheroid field, shown at a depth that
matches that in the stream and disk. e) The difference between the stream and spheroid CMDs (with the latter scaled to match the number of stars in the former).
The RGB and HB distributions are very similar, but the locus of stars at the MS extends slightly brighter and bluer than that in the spheroid. f) The difference
between the disk and spheroid CMDs (with the latter scaled to match the number of stars in the former). The RGB of the disk is considerably redder than that of
the spheroid, indicating higher metallicities in the disk. The HB of the disk is almost entirely in the red clump, with a spread to brighter luminosities, indicating
higher metallicities and younger ages in the disk. The blue plume of stars above the MSTO is much stronger in the disk, indicating younger ages than in the
spheroid.
below the luminosity of the HB; theoretical models reproduce
the general trend for the bump luminosity to brighten with
decreasing metallicity, but the zeropoint of the relationship
is uncertain, and the mix of age and metallicity in our pop-
ulations makes it difficult to interpret this feature in the data.
The faintest main sequence stars in the CMD suffer from large
photometric scatter and low completeness.
We use the Victoria-Regina Isochrones (VandenBerg et al.
2006) in all of our fitting. These isochrones do not include
core He diffusion, which would decrease their ages at a given
turnoff luminosity by ∼ 10% (VandenBerg et al. 2002). Al-
though the ages of isochrones with core He diffusion are
likely more accurate, models in which diffusion is allowed
to act efficiently on other elements in the surface layers show
significant discrepancies when compared to observed CMDs,
indicating that there must be some other mechanism at work,
such as turbulence in the surface layers (see Brown et al. 2005
and references therein). Helium diffusion can still occur in the
core, and thus the ages discussed herein should be reduced by
∼10% to obtain absolute ages.
The Victoria-Regina Isochrones are distributed with a
ground-based magnitude system. Sirianni et al. (2005) pro-
vide an iterative transformation to put ACS data in a ground-
based system, but warn against its use, given the systematic
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FIG. 7.— The spheroid CMD compared to the stream and disk CMDs, where we have attempted to subtract the spheroid contamination from the stream and
disk. a) The CMD of the spheroid field, shown at a depth that matches that in the stream and disk fields. Cuts across the CMD (blue boxes) are used to make
comparisons with the stream and disk; the histograms in each cut (panels d-g) are normalized to the number of stars in the spheroid. Labels refer to subsequent
panels in this figure. b) The CMD of the stream field, with a subtraction of spheroid stars assumed to contaminate at the 25% level, and with the same cuts
indicated (green boxes). c) The CMD of the disk field, with a subtraction of spheroid stars assumed to contaminate at the 33% level, and with the same cuts
indicated (red boxes). d) Histograms for stars along the RGB color cut for the spheroid (blue), stream (green) and disk (red). e) Histograms along the HB color
cut. f) Histograms along the HB luminosity cut. g) Histograms along the SGB luminosity cut. Compared to the spheroid and stream, the disk population has
a redder RGB (indicating higher metallicities), an HB that falls mostly in a red clump that extends to brighter luminosities (indicating younger ages and higher
metallicities), and a stronger blue plume above the MSTO (indicating younger ages).
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errors intrinsic to such a process. The biggest problem is that
the F606W bandpass is very different from Johnson V , al-
though the difference between F814W and Cousins I is non-
negligible, too. To properly make the transformation from
one system to the other, one must know the intrinsic spec-
tral energy distribution of the source, and this is difficult to
estimate based on photometry in two broad bandpasses. It
is much more straightforward to use the physical parameters
along each model isochrone (effective temperature and sur-
face gravity) to transform the models into the observational
system using synthetic spectra of the appropriate metallicity.
We use the transformation of Brown et al. (2005), which pro-
duces good agreement between these isochrones and the ACS
observations of Galactic clusters spanning a wide range in
metallicity (Table 2). Over most of the CMD (including the
region we use here for fitting), the agreement is better than
∼0.02 mag. In this sense, we are using the isochrones to pro-
vide relative changes in age and metallicity, once they have
been anchored to observations of Galactic clusters. We are
thus providing star formation histories in a reference frame
based on the ages and metallicities of the clusters listed in
Table 2.
5.2.1. The Isochrone Grid
We fit a large grid of isochrones spanning 1≤ age ≤ 14 Gyr
(with 0.5 Gyr steps) and −2.3 ≤ [Fe/H] ≤ +0.5 (with ≈0.1
dex steps) using the StarFish code. The fine spacing in age
and metallicity avoids artificial lumpiness in the synthetic
CMDs but means that neighboring isochrones in the grid are
nearly degenerate. Such degeneracies, plus the large number
of free parameters, do not allow a fit to converge in a rea-
sonable time. Fortunately, the StarFish code allows groups
of neighboring isochrones to be locked such that their ampli-
tudes vary together; one of these isochrone groups is treated
as a single isochrone as far as the fitting is concerned, even
if its stars span a small range in age and metallicity (see Har-
ris & Zaritsky 2001 for details). We locked our full grid of
isochrones into 117 independent isochrone groups, with the
sampling chosen to match the nonlinear changes in the CMD
with age and metallicity (the CMD changes more rapidly at
higher metallicities and younger ages). The grid of isochrones
and the locked isochrone groups are shown in Figure 8.
5.2.2. Fixed Parameters
Besides distance and reddening, there are several other
parameters that must be fixed before proceeding with a fit.
The binary fraction is highly uncertain, and not even well-
constrained in the field or cluster populations of our own
Galaxy; the value appears to be in the range of 10–30% in
the field population of the Galactic halo (Ryan 1992 and ref-
erences therein). The fits to our data are best when the bi-
nary fraction is near 10%, whereas fits with the binary frac-
tion significantly deviating from 10% show noticeable resid-
uals. Thus, unless specified otherwise, the binary fraction is
assumed to be 10% throughout this paper. The binary frac-
tion is set in the StarFish code (Harris & Zaritsky 2001) at the
stage where it scatters the isochrones; specifically, for a given
fraction of stars, it draws a second star randomly from the
IMF and produces a single unresolved object with the com-
bined color and magnitude of the two stars. For the IMF in-
dex, we chose the Salpeter (1955) value of −1.35. For the
isochrone abundances, we did not assume a scaled-solar abun-
dance pattern. Instead, we assumed that the alpha elements
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FIG. 8.— The isochrones used in StarFish fitting. A fine grid of isochrones
(crosses) was used to avoid artificial lumpiness in the synthetic CMD, but
these isochrones were locked together in groups (boxes) to reduce the number
of free parameters and to avoid degeneracies in the fit.
are enhanced at low metallicity and unenhanced (scaled-solar)
at high metallicity; specifically, we assumed [α/Fe] = 0.3 at
[Fe/H] ≤ −0.7 and [α/Fe] = 0.0 at [Fe/H] > −0.7. At the
[α/Fe] resolution available in our isochrone grid, this trend
roughly reproduces that seen in the Galaxy (Pritzl, Venn, & Ir-
win 2005 and references therein), although bulge populations
appear to be enhanced in alpha elements even at high metal-
licity (McWilliam & Rich 1994; Rich & Origlia 2005). As it
turns out, the IMF and alpha-enhancement assumptions make
little difference in our results. All of these assumptions (dis-
tance, reddening, binary fraction, IMF, and alpha enhance-
ment) are varied in our exploration of systematic errors (see
§5.6).
5.2.3. Uncertainties
In the fits below, we do not plot error bars for the weights
of the individual isochrones. This is because the uncertainty
associated with the normalization of any individual isochrone
is very large, and correlated with the normalization of neigh-
boring isochrones. If any one isochrone in the best-fit model
is deleted from the fit, compensating changes can be made
in neighboring isochrones that restore the quality of the fit.
The result is that the uncertainty on any individual isochrone
weight is largely meaningless. These difficulties are a con-
tinuing plague for studies of star formation histories in com-
plex populations (e.g., Skillman et al. 2003; Harris & Zarit-
sky 2004). If one is fitting a simple stellar population (sin-
gle age and single metallicity), one can trace out confidence
contours in the age-metallicity plane according to the change
in fit quality, but with a complex star formation history, it is
the distribution of ages and metallicities that matters. What
one really wants is a set of isochrones that are truly eigen-
functions of an orthogonal basis set. However, there is not
an obvious basis function that relates in a simple way back
to physical parameters. The sampling in our isochrone grid is
fine enough to avoid artificial structure in the synthetic CMDs,
yet coarse enough to avoid isochrones that are completely de-
generate within the photometric errors.
Even though some of the isochrone weights in the final fits
are very small, the ensemble of these small weights is nec-
essary for a good fit. One way of demonstrating this asser-
tion is by repeating the fits after deleting isochrones with
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low weights. Starting with the best fit, we first sorted the
isochrones by their fitted weights, and then retained only those
whose weight exceeded a specified cutoff; specifically, the
cutoff in weight was chosen so that this subset of isochrones
accounted for 90% of the stars in the best fit. Refitting with
this reduced set of isochrones produced terrible fits (fit score
∼50% larger). The fit was also poor when we retained those
isochrones responsible for 95% of the stars in the best fit.
The fit did not become acceptable until we had retained those
isochrones responsible for 99% of the stars in the best fit (∼50
of the original 117 isochrone groups).
5.3. Results for the Spheroid
The distribution of age and metallicity in our best fit to the
spheroid data is shown in Figure 9. In this figure, the area
of the symbols (filled circles) is proportional to the number
of stars in each isochrone group. Note that the spacing of
the isochrone groups is irregular, so that if one were to plot a
star formation rate in units of M⊙ per unit time per unit log-
arithmic metallicity, the relative sizes of the symbols would
be somewhat increased at younger ages and higher metallic-
ities (where the spacing is finer). As noted by Brown et al.
(2003), the spheroid CMD is best fitted by a wide range of
age and metallicity, and is strikingly different from the old,
metal-poor halo of the Milky Way. Approximately 40% of
the stars are less than 10 Gyr old, and approximately 50%
of the stars are more metal-rich than 47 Tuc ([Fe/H]≈−0.7).
The mean metallicity, <[Fe/H]>=−0.6, is identical to that
found by Durrell et al. (1994) at 9 kpc on the minor axis,
and slighter higher than the <[m/H]>=−0.6 found by Hol-
land et al. (1996) from earlier WFPC2 photometry of our
field, with similar spreads to both higher and lower metal-
licities. Although our mean metallicity is much higher than
that in the Milky Way halo, the metallicity distribution defi-
nitely has a tail extending to metal-poor stars. These include
the RR Lyrae stars in our field, which have a mean metallic-
ity of [Fe/H] = −1.7 (Brown et al. 2004a), and the minority
population of blue HB stars.
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FIG. 9.— The distribution of age and metallicity in the best-fit model of the
spheroid data. The area of the filled circles is proportional to the number of
stars in each isochrone group.
Although we used the Dolphin (2002) Maximum Likeli-
hood statistic to perform our fits, we also compared the results
with those obtained from a traditional χ2 statistic, and the fits
were similar. Dolphin (2002) also provides a goodness of fit
statistic, χ2eff, for those more familiar with χ2 fitting (with val-
ues close to unity indicating a good fit). The best fit model
(Figure 9) has χ2eff = 1.11 per degree of freedom (8000 CMD
bins minus 117 freely varying isochrone weights). This score
clearly implies an imperfect fit. To demonstrate this, we ran
Monte Carlo simulations of the idealized case. We created
random realizations of the data drawn from the best-fit model
to obtain the distribution of the Maximum Likelihood statis-
tic, and found that the Maximum Likelihood statistic obtained
in our best-fit model exceeds the mean score by 6σ (where σ
is one standard deviation in the distribution of the Maximum
Likelihood statistic from the Monte Carlo runs).
There are many reasons why the model should not ex-
actly reproduce the data. These include imperfections in the
isochrones (they are calibrated at the ∼0.02 mag level against
Galactic globular clusters observed in the same filters), devia-
tions from a Salpeter (1955) IMF, deviation from our assumed
binary fraction of 10% (e.g., one might imagine that the bi-
nary fraction varies with age and metallicity depending on the
variations in the formation environment), and the limitations
of the artificial star tests used to scatter the isochrones (arti-
ficial stars are created, with noise, from the same PSF model
used in the PSF fitting, while real stars will deviate from the
PSF model due to noise and true intrinsic inaccuracies in the
PSF model). Although the model does not exactly reproduce
the data distribution over 8000 CMD bins, the deviations are
remarkably small, as we show in Figure 10. In the top row
of panels, we show the data in the fitting region (yellow),
the best-fit model (blue), and the differences between the two
(yellow and blue) shown at the same linear stretch; i.e., the
CMD bins in panel c are shaded blue where the model ex-
ceeds the data, and shaded yellow where the data exceeds the
model, with the shading on the same linear scale employed in
panels a and b. The differences between the data and model
appear almost completely random, with minimal systematic
residuals; in fact, the upper panels look much like the ideal-
ized case shown in the bottom row of panels, where the resid-
uals are completely random. There, we show a random real-
ization of the best-fit model (yellow), a repeat of the best-fit
model (blue), and the differences between the two (yellow and
blue). The realization (bottom left) is nearly indistinguishable
from the actual data (top left). The difference between the re-
alization and the model (bottom right) demonstrates the noise
residuals one can expect when comparing a smooth model to
discrete data in the idealized case (χ2eff = 1).
Given the large number of free parameters, one might also
wonder if the “best-fit” model has truly converged on the best
fit. One way to test this is through repeated fitting with distinct
initial conditions. We show in Figure 11 the results of three
“best-fit” models to the spheroid data, each of which started
from a distinct random set of isochrone weights. Although
there are small variations in the final individual isochrone
weights, it is clear that the overarching result is the same in
each case. As stated earlier, the degeneracies in the isochrone
set mean that any individual isochrone can be varied signifi-
cantly without changing the fit quality. For example, in Fig-
ure 11, the relatively low weight at [Fe/H]=−1.7, compared
to the weights at [Fe/H]=−1.4 and [Fe/H]=−2.1, is not mean-
ingful; for the isochrones at 13 Gyr, we can redistribute the
weights at [Fe/H]=−1.4, −1.7, and −2.1 so that they are the
same in each of these bins, and the fit quality does not suffer.
Although the uncertainties on the individual isochrone
weights in the best-fit model are large, one can ask what
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FIG. 10.— Top panels: The CMD of the spheroid data (yellow), the best-fit
model to those data (blue), and the differences between the data and model
(yellow and blue), all shown at the same linear stretch. Bottom panels: An ar-
tificial CMD drawn from the best-fit model (yellow), the same best-fit model
(blue), and the differences between the artificial data and model (yellow and
blue), all shown at the same linear stretch employed in the top panels.
classes of models, in a broad sense, produce fits that are as
good as the best-fit model. If one restricts the fit to isochrones
of ages< 10 Gyr, the quality of the fit is noticeably reduced,
with χ2eff = 1.18 (a fit that is an additional 5σ worse than the
best-fit model). Much of the weight in this fit falls at the top
end of the allowed age range, and the difference between the
model CMD and the data CMD shows significant residuals
(Figure 12). Alternatively, if one restricts the fit to isochrones
with ages≥ 10 Gyr, the quality of the fit is grossly reduced,
with χ2eff = 3.09 and very obvious differences between the
model CMD and the data CMD (Figure 12). This is consistent
with the results of Brown et al. (2003), who showed that the
spheroid CMD is inconsistent with a purely old population of
stars.
The best-fit model has minority populations in the
isochrones representing old metal-rich stars and young metal-
poor stars. If truly present, these populations are extremely
interesting, because the former imply that at least some of
the stars were formed in something like a bulge environment
(with rapid early enrichment), while the latter imply the ac-
cretion of metal-poor stars from dwarf galaxies or star for-
mation following the infall of relatively pristine material. To
test this, we repeated the fit while excluding two regions from
the input grid of isochrones: age≥ 10 Gyr at [Fe/H]≥ 0, and
age< 5 Gyr at [Fe/H]< −0.5; each of these regions contains
3% of the stellar mass in the best-fit model. If the old metal-
rich isochrones are excluded from the fit, the fit quality in
the resulting model does not suffer at all; thus, the CMD is
consistent with either a small population of such old metal-
rich stars or none at all. In contrast, if the young metal-poor
isochrones are excluded from the fit, the fit quality is some-
what reduced, with χ2eff = 1.18, due to the model missing the
brightest and bluest stars in the blue plume above the domi-
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FIG. 11.— Three different attempts at fitting the spheroid data, using the
same isochrones in each case, but where the initial guess in each panel was
a distinct random distribution of isochrones. The area of the filled circles is
proportional to the number of stars in each isochrone group. Although there
are small variations in the individual amplitude weights from panel to panel,
it is clear that the best-fit model is well converged.
nant main sequence. This is not surprising, given our visual
inspection of the CMD and comparison to young isochrones
of various metallicities (Figure 4). Note that the scattered
model isochrones include the effects of blends (determined
by the artificial star tests) but not any contribution from blue
stragglers; thus, some (but not all) of the young stars in the fit
(. 6 Gyr) could be an attempt to account for blue stragglers
(see §5.1).
We summarize the fits to the spheroid data in Table 3.
Our standard model is that which simply allows the full
grid (Figure 8) to vary freely, while the other models are
self-explanatory. Mean values of [Fe/H] and age are not as
useful as the full age and metallicity distributions, given the
complicated star formation history present in the field, but
these mean values do serve as a yardstick to gauge differences
between the fits.
18
TABLE 3
SUMMARY OF SPHEROID FITTING
Model <[Fe/H]> <age> χ2eff Comment
Standard model −0.6 9.7 1.11 Minimal residuals in fit
Age < 10 Gyr −0.5 8.4 1.18 Significant residuals in fit
Age ≥ 10 Gyr −0.8 10.9 3.09 Gross residuals in fit
No old metal-rich stars −0.6 9.6 1.11 Minimal residuals in fit
No young metal-poor stars −0.6 9.7 1.18 Misses part of plume
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FIG. 12.— Top panels: The CMD of the spheroid data (yellow), the best-
fit model to those data using a set of isochrones restricted to ages less than
10 Gyr (blue), and the differences between the data and model (yellow and
blue), all shown at the same linear stretch. Bottom panels: The same CMD
of the spheroid data (yellow), the best-fit model to those data using a set of
isochrones restricted to ages ≥ 10 Gyr (blue), and the differences between
the data and model (yellow and blue), all shown at the same linear stretch
employed in the top panels. It is clear that neither model is acceptable, given
the residuals (right hand panels).
5.4. Results for the Stream
The distribution of age and metallicity in our best fit to
the stream data is shown in Figure 13. Given the qualita-
tive similarities between the stream and spheroid CMDs, it is
not surprising that the best-fit distribution of age and metallic-
ity in the stream resembles that in the spheroid. However, as
noted above, there are some distinctions. The mean age in the
stream (8.8 Gyr) is ∼1 Gyr younger than that in the spheroid
(9.7 Gyr), while the mean metallicities are nearly the same
(−0.6 in the spheroid and −0.7 in the stream). The fit quality
for the best-fit stream model is similar to that for the spheroid,
with χ2eff = 1.08. In Figure 14, we show the comparison of the
best-fit model to the data, as well as the residuals.
Given that the stream and spheroid are so similar, we also
explored to what extent both populations might be consistent
with a single star formation history. First, we simply used
the spheroid star formation history (Figure 9) to normalize a
set of isochrones scattered according to the stream artificial
star tests, and then scaled the result to match the number of
stars in the stream. This created a model with the spheroid
star formation history but the observational properties of the
stream data, enabling a fair comparison of the two. The re-
sult is shown in Figure 15. It is obvious that there are gross
residuals in the model. Although this was not a fit (given that
we simply applied the star formation history of the spheroid),
if this model had resulted from our standard isochrone fitting,
it would have produced a χ2eff of 1.32. The comparison of
the spheroid data with this model population yielded a χ2eff of
1.11 (§5.3); the much larger discrepancy of the stream data
with this model population strongly implies that the spheroid
and stream data were drawn from distinct populations, at a
confidence level exceeding 99%.
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FIG. 13.— The distribution of age and metallicity in the best-fit model of
the stream data. The area of the filled circles is proportional to the number
of stars in each isochrone group. The total area within the filled symbols has
been normalized to that in Figure 9, to ease comparison (but in reality the
surface brightness in the stream is ∼0.5 mag fainter).
Next, we tried fitting both the spheroid and stream simul-
taneously with the same star formation history. Specifically,
a model for the stream was constructed from isochrones ap-
propriately matching the stream observations (utilizing the
stream artificial star tests), and a model for the spheroid
was constructed from isochrones appropriately matching the
spheroid observations (utilizing the spheroid artificial star
tests), but the relative weights of the isochrones used to con-
struct these stream and spheroid models came from a single
distribution of age and metallicity. This distribution was var-
ied until the best fit to both the stream and spheroid data was
achieved. The resulting age and metallicity distribution is
shown in Figure 16. Curiously, this compromise solution to
both CMDs is a bit older and more metal-poor than that found
for either CMD individually; this is likely due to the fact that
the spheroid and stream are distinct, resulting in a poor fit
when fitting both at the same time. The poor quality of the
fit can be seen when this compromise model is compared to
the stream data, as shown in Figure 15. The value for χ2eff
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FIG. 14.— Top panels: The CMD of the stream data (yellow), the best-fit
model to those data (blue), and the differences between the data and model
(yellow and blue), all shown at the same linear stretch. Bottom panels: An ar-
tificial CMD drawn from the best-fit model (yellow), the same best-fit model
(blue), and the differences between the artificial data and model (yellow and
blue), all shown at the same linear stretch employed in the top panels. Note
that the magnitude range of the stream fit is smaller than that in the spheroid
fit, because the spheroid data are ∼0.5 mag deeper than the stream data.
is not terrible (1.14), but there are approximately twice the
number of degrees of freedom in this fit, given that we are fit-
ting two CMDs of data simultaneously, so the deviation from
unity is more significant. Both of these tests imply that while
the stream and spheroid CMDs are very similar, they are not
drawn from exactly the same population.
As done with the spheroid data, we also explored to what
extent stream models with more restricted age ranges are con-
sistent with the data. When the isochrones are restricted to
ages< 10 Gyr, the quality of the fit is nearly unchanged (with
χ2eff = 1.10), although the resulting distribution of age and
metallicity looks somewhat skewed, with much of the weight
falling at the top end of the age range. When the isochrones
are restricted to ages≥ 10 Gyr, the quality of the fit is very
poor, with χ2eff = 2.80. If old metal-rich stars are removed
from the input isochrone grid, the quality of the fit is un-
changed from the best fit model, while if young metal-poor
stars are removed, the quality of the fit is noticeably affected,
with χ2eff = 1.14, but the model is only missing the brightest
and bluest stars in the blue plume.
The Keck data for our stream field imply that 75% of its
stars fall in two kinematically cold stream components (Kali-
rai et al. 2006b), and that 25% of its stars are in the underly-
ing spheroid. Although the population in our spheroid field
might not be representative of the underlying spheroid in the
stream field, it is reasonable to wonder how the fitting of the
stream star formation history is affected if this spheroid con-
tamination is taken into account. To explore this, we fitted
the stream with the same set of isochrones, but added an ad-
ditional component to the model, fixed at 25% of the popula-
tion, representing the spheroid contamination. This contam-
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FIG. 15.— a) The CMD of the stream data (yellow). b) A model for the
stream data (blue), but constructed from the spheroid star formation history,
scattered with the observational errors of the stream data and normalized to
the stream star counts. c) The differences between the data and model (yellow
and blue), all shown at the same linear stretch. d) The same CMD of the
stream data (yellow). e) The best-fit compromise model fit simultaneously to
the spheroid and stream datasets (blue). f) The differences between the data
and model (yellow and blue), all shown at the same linear stretch employed
in the top panels. Significant residuals can be seen in either case (right hand
panels) implying that the stream and spheroid CMDs are not drawn from the
same population.
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FIG. 16.— The distribution of age and metallicity in the best-fit model si-
multaneously fit to the spheroid and stream data. The area of the filled circles
is proportional to the number of stars in each isochrone group. The distribu-
tion shown here is clearly a compromise between those shown in Figures 9
and 13.
ination component was constructed from the best-fit model
to the spheroid but using the isochrones scattered with the
stream artificial star tests; thus the contamination component
appropriately represents the spheroid population as it would
appear in the stream data. The results are shown in Figure 17.
The quality of the fit is good; χ2eff = 1.10. In the top panel,
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TABLE 4
SUMMARY OF STREAM FITTING
Model <[Fe/H]> <age> χ2eff Comment
Standard model −0.7 8.8 1.08 Minimal residuals in fit
Age < 10 Gyr −0.6 8.1 1.10 Minimal residuals in fit
Age ≥ 10 Gyr −1.0 11.0 2.80 Gross residuals in fit
No old metal-rich stars −0.7 8.8 1.09 Minimal residuals in fit
No young metal-poor stars −0.7 8.8 1.14 Misses part of plume
Best-fit spheroid model −0.6 9.7 1.32a Gross residuals
Simultaneous fit to spheroid stream −0.8 10.1 1.14b Significant residuals
Fixed 25% spheroid contamination −0.8 8.8 1.10 Similar to standard model
aNot actually a fit. See text for details.
bTwice the degrees of freedom. See text for details.
we show the total star formation history (combining the fixed
spheroid contamination and the fit to the stream). In the bot-
tom panel, we have subtracted the spheroid contamination
component from the star formation history, to show the star
formation history of the stream in isolation. The isolated star
formation history of the stream (Figure 17b) is very similar
to the best-fit model to the stream that did not try to account
for the spheroid contamination (Figure 13). Given the sim-
ilarity between the stream and spheroid CMDs, and the fact
that the spheroid contamination is only 25%, this is not that
surprising. We summarize the results of the stream fitting in
Table 4.
5.5. Results for the Disk
The distribution of age and metallicity in our best fit to the
disk data is shown in Figure 18. As expected from our earlier
inspection of the CMDs, the star formation history in the disk
is markedly distinct from that in the spheroid or stream, in the
sense that the population is younger and significantly more
metal-rich, with a mean age of 7.5 Gyr and a mean metal-
licity of [Fe/H] = −0.2. The fit quality for the best-fit disk
model is excellent, with χ2eff = 1.05. In Figure 19, we show
the comparison of the best-fit model to the data, as well as the
residuals.
The best-fit model to the disk is dominated by stars at ages
of less than 10 Gyr. In fact, if we fit the data with a subset of
the isochrones restricted to ages<10 Gyr (i.e., remove all old
isochrones from the input grid, not just the metal-rich ones),
the fit is only negligibly worse than that achieved with the full
set of isochrones (χ2eff = 1.06), and the resulting distribution
of age and metallicity looks very similar to that in the best-fit
model. In contrast, a fit restricted to ages≥ 10 Gyr is grossly
inadequate, with χ2eff = 5.07. If young metal-poor stars are
removed from the fit (as done with the stream and spheroid
fitting), the fit quality drops, with χ2eff = 1.14, and the model
misses the bright blue stars in the plume.
The metallicity distribution in our best fit to the disk CMD
is somewhat more metal-rich than that typically found in the
outer disk of M31 (e.g., Worthey et al. 2005). There are sev-
eral possible reasons for this. First, the greatest color depen-
dence upon [Fe/H] is at the tip of the RGB, which in our
data is both sparsely populated and seriously contaminated by
foreground dwarf stars. Instead, we are using the lower RGB,
which offers the advantage of large numbers of M31 stars and
little contamination, but the penalty is a reduced color sen-
sitivity to [Fe/H]. Second, the use of distinct isochrone sets
and distinct observing bands results in significant scatter for
abundance determinations even when the population is a sim-
ple one, such as a globular cluster. The metallicities we de-
rive are calibrated to the globular cluster metallicities given
in Table 2. Published abundances for globular clusters of in-
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FIG. 17.— The best-fit model to the stream, assuming a fixed 25% contam-
ination from the underlying spheroid that matches the population in Figure 9.
The area of the filled circles is proportional to the number of stars in each
isochrone group. Top panel: The complete star formation history, including
the fixed spheroid contamination. Bottom panel: The star formation history
for the stream population in isolation, excluding that part of the fit represent-
ing the spheroid contamination. The population has been normalized such
that the total area in the symbols is the same in both panels.
termediate metallicity vary by ∼0.2 dex in the recent litera-
ture, while abundances for high metallicity clusters vary by
even more (see Brown et al. 2005 and references therein).
Moreover, isochrones at high metallicity are difficult to cali-
brate, given that appropriate clusters tend to be in heavily red-
dened regions, such as the Galactic bulge. Finally, previous
[Fe/H] distributions for M31 fields invariably employed old
isochrones or the ridge lines of old globular clusters as refer-
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TABLE 5
SUMMARY OF DISK FITTING
Model <[Fe/H]> <age> χ2eff Comment
Standard model −0.2 7.5 1.05 Minimal residuals in fit
Age < 10 Gyr −0.1 6.9 1.06 Minimal residuals in fit
Age ≥ 10 Gyr −0.9 11.0 5.07 Gross residuals in fit
No young metal-poor stars −0.2 7.6 1.14 Misses part of plume
Fixed 33% spheroid contamination +0.1 6.6 1.05 Younger. Minimal residuals
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FIG. 18.— The distribution of age and metallicity in the best-fit model of
the disk data. The area of the filled circles is proportional to the number of
stars in that isochrone group. The distribution shown here is clearly distinct
from those shown in Figures 9 and 13. The total area within the filled symbols
has been normalized to that in Figures 9 and 13, to ease comparisons.
ence points. This will bias the results toward lower metallic-
ity if the metal-rich population is in fact significantly younger
than Galactic globular clusters. For example, the upper RGB
for a 13 Gyr population at [Fe/H] = 0.0 is very similar to that
for a 6 Gyr population at [Fe/H] = +0.230.
The Keck kinematics of our disk field imply that ∼67% of
its stars are moving in the disk (Kalirai et al. 2006b; Reitzel et
al. in prep.), and that ∼33% of its stars are in the underlying
spheroid. As with our analysis of the stream, the population
in our spheroid field might not be representative of the under-
lying spheroid in the disk field, but it is reasonable to explore
a fit to the disk with a fixed contamination component from
the spheroid. We repeated the disk fitting with an additional
model component held fixed at 33% of the population, repre-
senting spheroid contamination. This contamination compo-
nent was constructed from the best-fit model to the spheroid
but using the isochrones scattered with the disk artificial star
tests; thus the contamination component appropriately repre-
sents the spheroid population as it would appear in the disk
data. The results are shown in Figure 20. The quality of the
fit is excellent, with χ2eff = 1.05. In the top panel, we show the
total star formation history (which includes the fixed spheroid
component in the fit to the disk field). In the bottom panel, we
show the same fit to the star formation history, but subtract
that fixed component representing spheroid contamination, in
order to show the star formation history of the disk popula-
tion in isolation. The isolated disk population (Figure 20b) is
significantly younger and more metal-rich than that found in
our initial model (Figure 18), where we did not try to account
for the spheroid contamination. The isolated point at 13 Gyr
and [Fe/H] = 0.5 is not significant (repeating the fit with no
isochrones older than 10 Gyr yields χ2eff = 1.06). The similar-
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FIG. 19.— Top panels: The CMD of the disk data (yellow), the best-fit
model to those data (blue), and the differences between the data and model
(yellow and blue), all shown at the same linear stretch. Bottom panels: An ar-
tificial CMD drawn from the best-fit model (yellow), the same best-fit model
(blue), and the differences between the data and model (yellow and blue), all
shown at the same linear stretch employed in the top panels. Note that the
magnitude range of the disk fit is smaller than that in the spheroid fit, because
the spheroid data are ∼0.5 mag deeper than the disk data.
ities between Figures 18 and Figure 20a are reassuring; the fit
in Figure 18 did not employ any knowledge of the spheroid
contamination, yet it is clear that this fit tried to reproduce
the old metal-poor component that is present in Figure 20a,
where we explicitly specified a spheroid contamination com-
ponent to the model. Because the spheroid contamination can
completely account for the old and metal-poor stars in the disk
field, the dearth of metal-poor stars is another example of the
“G dwarf problem” – that a simple closed box model of chem-
ical evolution predicts a longer tail of metal-poor stars than
seen in all massive galaxies (see Worthey et al. 2005 and ref-
erences therein). We summarize the results of the disk fitting
in Table 5.
5.6. Systematic Effects of Binaries, Alpha-enhancement,
IMF, Distance, and Reddening
The fits above make assumptions about the binary fraction,
alpha-element enhancement, IMF, distance, and reddening.
Of these three parameters, the binary fraction and redden-
ing uncertainties translate into the largest uncertainties in the
resulting fits, but do not change the gross interpretation of
the CMDs. We assumed an IMF index of −1.35 (Salpeter
22
       
 
 
 
 
 
 
a)
-2.0
-1.5
-1.0
-0.5
0.0
0.5
       
 
 
 
 
 
 
b)
-2.0
-1.5
-1.0
-0.5
0.0
0.5
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
[F
e/H
]
2 4 6 8 10 12 14
Age (Gyr)
FIG. 20.— The best-fit model to the disk, assuming a fixed 33% contami-
nation from the underlying spheroid that matches the population in Figure 9.
Top panel: The complete star formation history, including the fixed spheroid
contamination. Bottom panel: The star formation history for the disk pop-
ulation in isolation, excluding that part of the fit representing the spheroid
contamination. The population has been normalized such that the total area
in the symbols is the same in both panels.
1955), and assumed that [α/Fe] = 0.3 at [Fe/H] ≤ −0.7 and
[α/Fe] = 0.0 at [Fe/H] > −0.7. We assumed 770 kpc for the
M31 distance (Freedman & Madore 1990), which is based
on Cepheids and falls in the middle of the range generally
quoted in the literature (e.g., Pritchet & van den Bergh 1987;
Stanek & Garnavic 1998; Holland 1998; Durrell et al. 2001;
McConnachie et al. 2005; Ribas et al. 2005). We assumed
E(B−V) = 0.08 mag in each field, but as noted earlier, the
Schlegel et al. (1998) map is uncertain at the ∼0.02 mag level
in random fields, with somewhat higher uncertainties near Lo-
cal Group galaxies.
We chose a binary fraction of 10%, because grossly chang-
ing this value produced lower quality fits with obvious resid-
uals in the comparison of the models and data. Given that
we chose a binary fraction that minimized fit residuals, in a
sense we “fit” the binary fraction, but did so on a very coarse
scale. Fortunately all three fields can be reasonably fit with
the same binary fraction, because this avoids complications
in the interpretation of the fits. If we assumed distinct binary
fractions in the fitting to each field, one could attribute some
of the age variations to this varying binary fraction. At larger
binary fractions, the features in the synthetic CMD become
brighter, and the age distribution must shift to older ages to
compensate, while lower binary fractions result in younger
age distributions.
To demonstrate the sensitivity of our fits to these parame-
ters, we repeated our fits while varying our assumptions. The
results are shown in Table 6 for all three fields, and in Fig-
ure 21 for the spheroid field. Reducing the binary fraction to
0% would decrease our ages by 0–0.4 Gyr, while increasing
the binary fraction to 40% would increase our ages by∼1 Gyr.
Changing the alpha enhancement has almost no effect, other
than a slight shift in the metallicity distribution. The insen-
sitivity to alpha enhancement makes sense, because in these
bandpasses, isochrones with enhanced alpha elements look
much like scaled-solar isochrones at slightly higher metal-
licity (note that the isochrones are always transformed to the
ACS bandpasses using synthetic spectra of a consistent alpha
enhancement; see Brown et al. 2005). Changing the IMF in-
dex from −1.35 to −1.15 also has little effect on the metal-
licity and age distributions; this is because our CMDs are
sampling a fairly small range in stellar mass (the bulk of the
stars brighter than the faint limit in our fitting region fall in
the mass range 0.7. M . 1.2 M⊙). Changing the extinc-
tion by 0.03 mag in either direction (assuming the average
Galactic extinction curve of Fitzpatrick 1999) primarily af-
fects the metallicity distribution; an increase in the assumed
extinction (redder stars) is compensated by a lower metallicity
(bluer stars), and vice versa. Changing the distance modulus
by 0.03 mag in either direction primarily affects the age distri-
bution; an increase in the assumed distance (fainter apparent
magnitudes) is compensated by a younger age (brighter abso-
lute and apparent magnitudes), and vice versa. Note that no
change in assumptions for the spheroid (Figure 21) can make
the spheroid population look like that of the disk (Figure 18).
6. DISCUSSION
The quantitative fitting to the CMDs of the spheroid,
stream, and outer disk reaffirmed our general impressions
from the qualitative inspection of the CMDs. In Figure 22,
we compare the star formation histories for the three fields.
The star formation history in the spheroid is simply our stan-
dard model (Figure 9), while the star formation histories in the
stream and disk are those that have had an assumed spheroid
contamination subtracted (Figures 17b and 20b). All three
fields show an extended star formation history. The star for-
mation history in the stream is similar to that in the spheroid,
but is shifted somewhat younger. The disk population is dom-
inated by intermediate-age stars, with little evidence for the
old metal-poor population present in the spheroid and stream.
All three fields have a trace population of young metal-poor
stars, presumably due to the accretion of metal-poor stars
from dwarf galaxies or due to stars forming from the infall of
relatively pristine material. The fact that such material con-
tinues to fall into Andromeda is evidenced by the extensive
population of H I clouds recently found in the outskirts of the
galaxy (Thilker et al. 2004).
6.1. Disk
Most hierarchical CDM models predict that a spiral disk
forms inside-out, generally leading to a disk that becomes
progressively younger at increasing radius. For example, the
simulated disk of Abadi et al. (2003a, 2003b) has a mean
age of ∼ 8–10 Gyr within 2 kpc of the center and ∼6–8 Gyr
near 20 kpc. However, the literature does include counter-
examples with more complex age gradients. The simulated
23
TABLE 6
SYSTEMATIC EFFECTS OF ASSUMPTIONS
spheroid stream disk
Fit <age> <[Fe/H]> χ2eff <age> <[Fe/H]> χ2eff <age> <[Fe/H]> χ2eff
Standard model 9.7 −0.6 1.11 8.8 −0.7 1.08 7.5 −0.2 1.05
Binary fraction = 0.0 9.3 −0.5 1.14 8.7 −0.7 1.09 7.5 −0.1 1.11
Binary fraction = 0.2 10.1 −0.8 1.17 9.2 −0.8 1.13 7.7 −0.2 1.05
Binary fraction = 0.4 10.9 −0.9 1.42 9.9 −1.0 1.25 8.5 −0.4 1.13
[α/Fe] = 0.3 at [Fe/H]≤0 9.7 −0.7 1.11 8.9 −0.8 1.08 7.7 −0.3 1.05
[α/Fe] = 0.0 at all [Fe/H] 9.7 −0.6 1.11 8.9 −0.7 1.08 7.6 −0.1 1.05
IMF index −1.15 9.9 −0.7 1.11 9.0 −0.7 1.08 7.6 −0.2 1.04
Distance = 760 kpc 9.8 −0.7 1.12 9.1 −0.7 1.09 7.6 −0.2 1.04
Distance = 780 kpc 9.5 −0.6 1.11 8.7 −0.7 1.08 7.4 −0.1 1.05
E(B−V) = 0.05 mag 9.8 −0.2 1.15 9.1 −0.3 1.08 7.7 +0.2 1.14
E(B−V) = 0.11 mag 9.4 −1.0 1.17 8.6 −1.1 1.16 7.3 −0.5 1.05
galaxy of Robertson et al. (2004) exhibits a mean stellar age
of ∼7.5 Gyr in the center (within 2 kpc) and ∼10 Gyr in the
disk outskirts (beyond 14 kpc). The CDM models of Sommer-
Larson, Go¨tz, & Portinari (2003) result in disk galaxies that
sometimes form inside-out and sometimes form outside-in.
Both classes predict mean ages of 6–8 Gyr in the outer disk
(6 scale lengths from the center), but the age distributions dif-
fer, with the inside-out galaxy hosting a significantly larger
fraction of young stars (. 3 Gyr) in the outskirts. In a so-
phisticated model of the chemical evolution in the Milky Way
disk, Chiappini et al. (2001) demonstrate an inside-out for-
mation scenario where the stellar age is not a monotonically
varying function of distance from the Galactic center; in the
inner disk (4–10 kpc), the stellar ages are decreasing with in-
creasing radius, as expected, but beyond this radius, the stellar
ages increase with radius, because the thick disk and halo be-
gin to dominate over the thin disk. All of these models can be
compared to the solar neighborhood (e.g., Ibukiyama & Ari-
moto 2002; Sandage, Lubin, & VandenBerg 2003; Fontaine,
Brassard, & Bergeron 2001), but we know little of the detailed
star formation histories for other giant spiral galaxies. As far
as the structures are concerned, observations of high-redshift
disk galaxies (e.g. Ferguson, Dickinson & Williams 2000;
Ravindranath et al. 2004) suggest that disks were largely in
place 8 Gyr ago. Since then, they have increased their stellar
masses and increased their sizes consistent with an inside-out
sequence of star formation (Trujillo et al. 2005), with the aver-
age stellar surface mass density staying roughly constant from
z = 1 to the present (Barden et al. 2005).
Our mean age in the outer disk (6.6 Gyr) is in good agree-
ment with the models of Abadi et al. (2003a, 2003b), and sig-
nificantly younger than the models of Robertson et al. (2004);
these comparisons suggest a consistency with an inside-out
formation scenario. Our mean age also falls in the range found
in both the inside-out and outside-in models of Sommer-
Larson et al. (2003), but our age distribution, with a signif-
icant dearth of stars younger than 3 Gyr, is in somewhat bet-
ter agreement with their outside-in model. However, these
are all hydrodynamical models that track the birth of particles
but largely ignore the details of chemical evolution. It would
be interesting to compare our age-metallicity distribution with
such a distribution in a true chemical evolution model under
an inside-out formation scenario (e.g., Chiappini et al. 2001).
Our star formation history in the disk is probably saying
less about the validity of the inside-out formation scenario and
more about the relative scales of the thin and thick disk; be-
cause our disk field is 25 kpc from the galactic center, it is
well into the regime where one might expect the thick disk to
dominate (Chiappini et al. 2001). Indeed, there is evidence
that the thick disk begins to dominate well inside this radius;
in their WFPC2 images of an off-axis field 5 kpc from the nu-
cleus, Sarajedini & Van Duyne (2001) found a population ap-
parently dominated by thick disk stars. Note that Morrison et
al. (2004) apparently found a subsystem of the M31 globular
cluster system with thin disk kinematics, but this subsystem is
largely restricted to that part of the disk plane interior to our
own disk field. In Figure 23, we compare the age and metal-
licity distribution in our disk field to those distributions in the
solar neighborhood. The outer disk of Andromeda is clearly
similar to the thick disk population of the solar neighborhood
(dominated by intermediate-age stars at relatively high metal-
licities), but looks nothing like the thin disk of the solar neigh-
borhood (dominated by stars younger than 5 Gyr). The hydro-
gen column density in our disk field (Table 1; Braun et al. in
prep.) is below the threshold typically assumed for star for-
mation in disk galaxies (NHI ∼ 1021 cm−2; Kennicutt 1989),
and so the dearth of very young stars should not be surprising.
Our star formation history in the disk is in rough agree-
ment with that found by other groups studying the outskirts
of the disk with shallower HST data. Looking at a field ∼15′
further away from the galaxy center than our own field, Fer-
guson & Johnson (2001) found a somewhat older and more
metal-poor population; they quoted a mean age & 8 Gyr and
a metallicity of <[Fe/H]> ∼ −0.7. They reported trace pop-
ulations of young stars (∼ 1.5–3 M⊙) and ancient metal-poor
stars (& 10 Gyr and [Fe/H]∼ −1.7), which we also find in
our field. Ferguson & Johnson (2001) assumed that disk stars
comprised∼95% of their field population, based on an extrap-
olation of the Walterbos & Kennicutt (1988) decomposition.
During our observation planning, we also used the work of
Walterbos & Kennicutt (1988) as a guide, and estimated that
the disk contribution in our own field was similarly high. We
were subsequently surprised to find that the kinematic data in
our field imply that the disk in fact comprises only 67% of
the population (Figure 2); it must be even lower in the Fer-
guson & Johnson (2001) field. The disk is clearly falling off
more rapidly than an extrapolation of the Walterbos & Ken-
nicutt (1988) data from the interior. Note that on the other
side of the galaxy, looking in the outer disk near the massive
cluster G1, Rich et al. (2004) also found a population domi-
nated by intermediate-age stars (6–8 Gyr). The dominance of
intermediate-age stars in the outer disk of Andromeda appears
to be ubiquitous.
Looking at fields sampling a wide range of radial distance
and azimuthal angle in Andromeda, Ibata et al. (2005) found
significant numbers of stars moving with velocities close to
the expected mean velocity for circular orbits. They found
these stars primarily at distances of 15–40 kpc from the
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FIG. 21.— The distribution of age and metallicity in the best-fit model to the spheroid data, making different assumptions about the binary fraction, IMF,
alpha-enhancement, distance, and reddening. The area of the filled circles is proportional to the number of stars in each isochrone group. a) Our standard model:
binary fraction 10%, Salpeter (1955) IMF, alpha-element enhancement at [Fe/H]<−0.7, distance of 770 kpc, E(B−V) = 0.08 mag. b) A binary fraction of 0%.
c) A binary fraction of 20%. d) A binary fraction of 40%. e) Isochrones at [Fe/H]≤ 0 are alpha-enhanced. f) None of the isochrones are alpha-enhanced. g) An
IMF index of −1.15. h) Distance is 760 kpc. i) Distance is 780 kpc. j) E(B−V) = 0.05 mag. k) E(B−V) = 0.11 mag.
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FIG. 22.— The best-fit star formation histories for the spheroid (a), stream
(b), and disk (c). The area of the filled circles (grey) is proportional to the
number of stars falling in the given isochrone. For comparison, the star for-
mation history of the spheroid is overplotted in each panel (black open cir-
cles) The stream and disk fits each assumed a fixed contamination from the
spheroid, which has been subtracted.
center, with possible detections out to 70 kpc. Their extended
disk has an exponential scale length of 5.1 kpc, similar to
that of the bright inner disk, but its irregular morphology and
substructure strongly suggest that it is dominated by tidal
debris. They estimate that the luminosity of this “disk-like
structure” accounts for ∼10% of the total luminosity in the
M31 disk. For reference, their “F13” field is near our outer
disk field (∼10′ away), and shows kinematic structures very
similar to those in Figure 2c; their data show a narrow peak
near the velocity expected for stars orbiting in the disk, and a
much broader peak for spheroid stars that show little rotation
with the disk. Ibata et al. (2005) argue that their extended disk
is more likely associated with the thin disk than the thick disk
of Andromeda. However, given the kinematic and population
data in our outer disk field, it would seem more likely that
their disk-like structure is an extension of the thick disk. This
would also be consistent with its irregular morphology, given
that thick disks are thought to form via mergers that disrupt
the thin disk (see Wyse et al. 2006 and references therein).
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FIG. 23.— a) The distribution of age and metallicity in the best-fit model of
the disk data (assuming a 33% contamination from the spheroid, which has
been subtracted). The area of the filled circles is proportional to the number
of stars in that isochrone group. The distribution shown here is clearly dis-
tinct from those shown in Figures 9 and 13. b) The distribution of age and
metallicity for individual thick disk stars in the solar neighborhood, from the
photometric (open boxes) and spectroscopic (filled boxes) measurements of
Ibukiyama & Arimoto (2002; their Figure 8). b) The distribution of age and
metallicity for individual thin disk stars in the solar neighborhood, from the
photometric (open circles) and spectroscopic (filled circles) measurements of
Ibukiyama & Arimoto (2002; their Figure 5).
6.2. Spheroid and Stream
As found by Brown et al. (2003), the Andromeda spheroid
population spans a surprisingly wide range of age and metal-
licity, especially compared to the halo of the Milky Way.
Given the substructure in Andromeda (Ferguson et al. 2002;
Figure 1) and the success of ΛCDM models, we have strong
observational and theoretical reasons for turning to merger
scenarios as possible explanations for the observed distribu-
tion of age and metallicity. One can imagine that, compared
to the Milky Way, Andromeda has experienced many more
small mergers or a few more large ones. These mergers may
have polluted the inner spheroid with their own material and
material from the Andromeda disk and bulge; in this sce-
nario, the declining presence of this pollution at increasing
radius would account for the appearance of the spheroid be-
yond 30 kpc, which looks more like a canonical metal-poor
halo (Guhathakurta et al. 2005; Irwin et al. 2005).
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If the Andromeda spheroid is the result of many smaller
mergers that did not occur in the Milky Way, one must ask
why there is such a statistically significant distinction between
the merger histories of two similarly-sized spirals in the same
galaxy group. Is Andromeda the “normal” massive spiral,
having cannibalized 10 small galaxies in its history, while the
Milky Way is a 3σ outlier, having cannibalized only 1 small
galaxy? Alternatively, if the Andromeda spheroid was pol-
luted by one large merger that did not occur in the Milky Way,
one may ask if such a merger is consistent with the disturbed,
but not destroyed, Andromeda disk. Plausible merger scenar-
ios must balance both of these concerns.
Recent models by Font et al. (2006a) show promise in this
regard. In their various realizations of a spiral galaxy halo,
two models stand out. One halo underwent a large accretion
event (108−9 M⊙ stellar mass) 11 Gyr ago, and the other un-
derwent two accretion events (109 M⊙ stellar mass) ∼8.5 Gyr
ago; in the former case, the resulting halo had a lower mean
metallicity, with <[Fe/H]>=−1.3, while in the latter case,
the resulting halo had a significantly higher mean metallic-
ity, with <[Fe/H]>=−0.9. Vela´zquez & White (1999) find
that, depending upon the orbit of the infalling satellite, satel-
lites with up to 20% of the disk mass can be accreted without
destroying the disk. Clearly the amount of disk disruption
spans a continuum of outcomes depending upon the mass of
the infalling satellite and its orbit. Given a mass of ≈ 7×1010
M⊙ in Andromeda’s disk (Geehan et al. 2006), the disk could
survive the accretion of one or two ∼109−10 M⊙ satellites
that would in turn significantly increase the spheroid metal-
licity. It is worth noting that in the Font et al. (2006a) mod-
els, when metal-rich stars are present in the spheroid, they
are still predominantly old, whereas the metal-rich stars are
very clearly of intermediate age in our own data. With only
11 of these computationally-intensive realizations, it appears
that the Font et al. (2006a) simulations do not sufficiently pop-
ulate the possible parameter space to demonstrate if these old
metal-rich stars are a fluke or a general tendency in the mod-
els. In contrast, recent simulations by Renda et al. (2005)
show that spiral galaxies with more extended merging his-
tories can have halos that are both younger and metal-rich.
Could the distinction between the spheroids of the Milky Way
and Andromeda be due to the ingestion of something like the
LMC? There is also evidence that the globular cluster system
of Andromeda includes clusters much younger than those in
our own Galaxy, although it is debatable if these clusters could
have originated in the accretion of something like the LMC
(e.g., Puzia et al. 2005; Burstein et al. 2004; Beasley et al.
2005), which hosts a large globular cluster system spanning a
wide range of ages.
Andromeda is not alone in having a metal-rich spheroid
with an age dispersion. The halo of NGC5128 (Cen A) is
metal rich, with <[Fe/H]>=−0.41 (Harris, Harris, & Poole
1999). The presence of long period variables with extremely
long periods (Rejkuba et al. 2003) implies the presence of
young stars, while the analysis of the HB, RGB, and AGB
populations found in deep HST photometry of the galaxy im-
ply an average age of ∼8 Gyr in its halo (Rejkuba et al. 2005).
The galaxy also shows evidence for mergers in its shells and
dust lane (Malin, Quinn, & Graham 1983).
The relatively high metallicity of the stream implies its pro-
genitor was at least as massive as 109 M⊙ (see Dekel & Woo
2003); as such, most numerical simulations of the stream as-
sume it is a dwarf galaxy that was only recently disrupted by
close passage to Andromeda, within the last ∼0.5 Gyr (Font
et al. 2006b; Fardal et al. 2006). The star formation history in
the stream is plausible for such a progenitor, given the wide
range of star formation histories seen in Local Group dwarfs
(Mateo 1998). As noted by Brown et al. (2006), it would be
worth exploring whether or not the progenitor is a disk galaxy,
given that the stream combines a relatively high metallicity
with a low velocity dispersion; however, models by Font et
al. (2006b) and Fardal et al. (2006) imply this discrepancy in
velocity can perhaps be explained by dynamical cooling.
The strong similarities between the spheroid and stream
populations offer another clue, but it is a puzzling one. The
field population of the Milky Way halo does not look to be
comprised of populations like those of present-day dSphs
(Shetrone et al. 2003), but the field population of the An-
dromeda spheroid looks nearly identical to that of one of its
infalling satellites. A natural question is whether the 109−10
M⊙ merger needed to explain the spheroid data is sitting in
plain sight: the stream. However, if the progenitor of the
stream really is on its first or second orbit around the galaxy,
with much of its debris coherent on the sky, it is unlikely to
comprise a significant fraction of the population in the rela-
tively smooth regions of the spheroid, such as our field. As
noted by Brown et al. (2006), the star count map of An-
dromeda (Figure 1) and the kinematic data (Figure 2) imply
that the stream dominates over the spheroid by a 3:1 ratio in
our stream field, but these same data show no evidence for a
single dominant stream in our spheroid field. Current orbit
models for the stream span a wide range of possibilities (e.g.,
Font et al. 2006b; Fardal et al. 2006); even if the stream wraps
around the Andromeda nucleus and then passes through our
spheroid field (e.g., Ibata et al. 2004), it is implausible that
it would spread out enough to hide in the star count maps
and kinematic data, yet still comprise ∼75% of the popula-
tion in our spheroid field. Furthermore, the metallicity dis-
tribution in our spheroid field is clearly very similar to the
metallicity distribution in other fields throughout the inner
spheroid of Andromeda (Ferguson et al. 2002; Durrell et al.
1994, 2001, 2004). Thus, arguments (e.g., Ibata et al. 2004)
that the intermediate-age metal-rich stars in our spheroid field
simply represent contamination by the stream would seem to
imply that the inner spheroid is metal-rich and ancient every-
where except for our spheroid field, where the ∼40% of the
population is metal-rich and of intermediate age. Instead of
invoking such a conspiracy, it is much more plausible that the
high metallicities seen throughout the inner spheroid are asso-
ciated with intermediate-age populations, as in our particular
spheroid field.
The modeling of the stream’s progenitor and its possible
orbits is still in the early stages. Can a model be constructed
where the debris of the stream progenitor dominates the rel-
atively smooth inner spheroid everywhere, while maintaining
a coherent tidal tail on the sky? At the moment, models for
the stream progenitor are focused on a ∼109 M⊙ dwarf galaxy
progenitor that only recently merged with Andromeda (within
the last few hundred Myr). How far can the models be pushed
away from this scenario? At what point does the disruption of
the Andromeda disk exceed the level of substructure seen by
Ferguson et al. (2002)? Depending upon the orbit, the progen-
itor could be as massive as a few 1010 M⊙ without destroying
the Andromeda disk. If the progenitor was significantly more
massive than the 109 M⊙ typically assumed now, and per-
haps an infalling disk galaxy, could the start of the merger
be pushed backward in time, such that its debris could more
fully pollute the inner spheroid while still leaving a coherent
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debris stream on the sky? Alternatively, the pollution of the
inner spheroid might be due to a merger event unrelated to
that which produced the stream. The recent models of Penar-
rubia, McConnachie, & Babul (2006) are interesting in this
regard; they find that an ancient merger with a massive dwarf
(109−10 M⊙) could produce the extended disk-like population
found by Ibata et al. (2005).
Brown et al. (2006) offered two other possible explana-
tions for the stream and spheroid similarities, but noted that
they were problematic. One possibility is that the spheroid is
comprised of many disrupted satellites similar to the stream
progenitor. However, it is difficult to see how the ensemble
average of these disrupted satellites (the spheroid) would so
closely resemble the population in a single disrupted satel-
lite (the stream). Although the star formation history for the
stream is plausible for a dwarf galaxy, it is not plausible that
it is representative for all dwarf galaxies already cannibal-
ized by Andromeda. Another possibility is that the stream
is comprised of material disrupted from the Andromeda disk
and that the same event polluted the spheroid, but it is unclear
if the dynamics and energetics of such a scenario can actu-
ally work, and the stellar populations in our three fields offer
evidence against this scenario (Figure 22). The isolated disk
population (removing the spheroid contamination) is domi-
nated by metal-rich (−0.5< [Fe/H]<+0.5) intermediate-age
(4–8 Gyr) stars. The isolated stream population (removing
the spheroid contamination), on the other hand, also contains
stars that are both older and more metal-poor. If our disk pop-
ulation is representative of the outer disk in general, creating
the stream from a disruption of disk material would not result
in a stream hosting so many old and metal-poor stars. This
does not preclude significant contamination of the spheroid by
disrupted disk stars – the population mix in our spheroid field
might be an older metal-poor halo with some contribution of
disrupted disk stars – but we are still left with coincidence to
explain the similarity between the stream and spheroid popu-
lations.
6.3. Does the Disk Contribute to our Spheroid Field?
Recently, Worthey et al. (2005) put forth a provocative hy-
pothesis, based on chemical evolution arguments and the high
metallicity of the Andromeda spheroid: that all fields in the
spheroid observed to date are actually dominated by the disk.
They suggested that this hypothesis could explain the surpris-
ingly broad range of ages found in our spheroid field (Brown
et al. 2003). More recently, Ibata et al. (2005) found stars
40 kpc from the center of Andromeda (in all directions) that
appear to be moving in the disk. With the kinematic and pop-
ulation information available, we can show that the disk con-
tribution in our spheroid field must be very small (. 1%), as
originally claimed by Brown et al. (2003).
The relevant data are in Figure 2 and Table 1. Given the
disk inclination of 12.5o, our spheroid field is 11 kpc from the
galactic center in the plane of the sky and 51 kpc from the
center in the plane of the disk. The disk field is 25 kpc from
the galactic center in both the plane of the sky and the plane
of the disk.
Figure 2c shows the distribution of velocities in our disk
field. There are clearly two components. The broader com-
ponent (comprising ∼1/3 of the population) is at the systemic
velocity of Andromeda, while the narrower component is red-
shifted with respect to Andromeda due to the rotation of the
Andromeda disk. In the Worthey et al. (2005) scenario, one
would associate the broad component with the thick disk and
the narrow component with the thin disk, with only the latter
component significantly rotating. However, we know from
the disk CMD that there is no evidence for a thin disk popu-
lation in this field; instead, the population appears to be dom-
inated by a thick disk and spheroid. Thus, it is much more
plausible that the narrow velocity structure is the thick disk
and the broad velocity structure is the spheroid. These des-
ignations would also explain why the narrow component is
significantly rotating but the broad component is not.
Compared to the disk field, the spheroid field is twice as
far from the galactic center in the plane of the disk, but half
the distance from the galactic center in the plane of the sky.
So, moving our attention from the disk field to the spheroid
field, we expect the contribution from the disk to decline and
the contribution from the spheroid to increase. With an expo-
nential disk scale length of ≈5 kpc (Walterbos & Kennicutt
1988), the disk contribution must drop from the ∼2/3 in the
disk field to < 1% in the spheroid field. Indeed, Figure 2a
shows no indication of a single narrow component at the An-
dromeda systemic velocity, as one would expect if the disk
were dominating this position, 51 kpc on the minor axis. Fur-
thermore, it is worth noting that the hydrogen column density
in the spheroid field is nearly 25 times smaller than that in the
disk field (Table 1).
Ibata et al. (2005) found stars moving with disk velocities at
distances of 15–40 kpc from the galactic center, but they note
that our spheroid field lies beyond the break in the density
profile of their “disk-like structure.” They show no evidence
that this structure should comprise a significant population in
our field. The velocity dispersion in their extended disk is 30
km s−1, which is much narrower than the 80 km s−1 we see
in our spheroid field. The velocity dispersion in our spheroid
field is in agreement with the kinematics of the planetary neb-
ulae (Halliday et al. 2006; Hurley-Keller et al. 2004), which
show a distribution of similar breadth and evidence for some
rotational support.
An additional piece of evidence comes from the similar-
ity of the stream and spheroid populations, given that the
Worthey et al. (2005) hypothesis rests largely on metallicity.
If metallicity alone were enough to prove that a field in An-
dromeda is dominated by disk stars, one could try to argue that
our stream field was dominated by disk stars, too. However, it
is clear from the morphology, HB luminosity, and kinematics
in our stream field that ∼75% of the population in this field is
comprised of two kinematically-cold components falling to-
ward Andromeda (Kalirai et al. 2006b). There is no way that
the stream is composed of stars residing in the Andromeda
disk.
On all of these grounds, one can see that the spheroid field
must have a negligible contribution from stars currently mov-
ing in the Andromeda disk. It is also clear that the spheroid
velocity distribution is not as hot as one would expect for a
hot halo, nor does it reflect the kinematics of the halo globular
cluster system (σ∼ 150 km s−1; Perrett et al. 2002). The high
metallicity and wide age distribution of the spheroid is likely
due to the merger history of Andromeda, with the spheroid
polluted by a combination of disrupted satellites, stars born in
the merger(s), and stars disrupted from the Andromeda disk.
7. SUMMARY
Using deep HST observations of Andromeda, we have re-
constructed the complete star formation history in three fields:
the spheroid, tidal stream, and outer disk.
In the best-fit model to the spheroid, 40% of the stars are
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metal-rich and younger than 10 Gyr, in stark contrast to our
own Galactic halo. The data cannot be reproduced by a pop-
ulation of old stars alone (age > 10 Gyr). Although the fit is
dominated by old metal-poor stars and young metal-rich stars,
a non-negligible population of young metal-poor stars is also
present, implying that at least some stars in the spheroid were
accreted from dwarf galaxies or formed from relatively pris-
tine infalling material. Since the discovery of a metal-rich
intermediate-age population in our spheroid field (Brown et
al. 2003), various explanations have been put forth in the liter-
ature, including the hypothesis that the disk dominates all in-
ner spheroid fields (Worthey et al. 2005), and the idea that our
spheroid field is contaminated by the tidal stream and not rep-
resentative of the inner spheroid in general (Ibata et al. 2004).
In the former scenario, the spheroid field is not special, but
it is actually the disk instead of the spheroid, whereas in the
latter scenario, the field is special, because it is the stream and
not the spheroid. The constraints provided by the population
and kinematic data argue that the spheroid field does not have
a significant contribution from stars currently residing in An-
dromeda’s disk, but the young metal-rich population may be
the result of stars disrupted from Andromeda’s disk by an ear-
lier merger event. The star count maps and kinematic data
show no evidence for a dominant stream passing through the
spheroid field, as required to explain the similarity between
the spheroid and stream populations by some chance intersec-
tion of the spheroid field with the stream’s orbit. Furthermore,
the metallicity distribution in the spheroid field looks much
like that observed in various other fields throughout the in-
ner spheroid (Ferguson et al. 2002; Durrell et al. 1994, 2001,
2004). It is much more likely that the metal-rich popula-
tions throughout the inner spheroid are of intermediate age, as
found in our spheroid field, instead of invoking the patholog-
ical situation where these metal-rich populations are ancient
everywhere except in our spheroid field.
In the best-fit model to the stream, 70% of the stars are
younger than 10 Gyr. A detailed comparison of the age and
metallicity distributions in the stream and spheroid shows
them to be remarkably similar but distinct. It is unclear if
the similarity implies that the stream’s progenitor is represen-
tative of the objects that formed the inner spheroid or if the
entire inner spheroid is polluted by stars stripped from the
stream’s progenitor during its particular disruption. The dis-
tinction between the disk and stream populations – with the
stream including old metal-poor stars that are lacking in the
disk – suggests that the stream is not comprised of stars dis-
rupted from the Andromeda disk.
The outer disk of Andromeda more closely resembles the
thick disk of the solar neighborhood than either the spheroid
or the stream. Although a trace population of 0.2–1.0 Gyr
stars is present, there are few stars younger than 4 Gyr, and
thus the outer disk does not appear to host a significant thin
disk component. In the best-fit model to the disk data, 80%
of the stars are younger than 10 Gyr; indeed, we also showed
that these data are consistent with a population that is com-
pletely devoid of stars older than 10 Gyr. The minority pop-
ulation of old metal-poor stars in the disk field is consistent
with the field’s kinematics, which show a ∼33% contribution
from the spheroid. If the population in this spheroid contribu-
tion is assumed to be the same as that in our spheroid field, the
resulting model reproduces the data extremely well, and im-
plies that ∼70% of the stars in the outer disk are 4–8 Gyr old.
The disk of Andromeda clearly shares the “G dwarf problem”
seen in the solar neighborhood.
In the upcoming HST observing cycle, we will be observing
four more deep fields in the Andromeda spheroid. One will
be at ∼22 kpc on the minor axis, and the other three will be in
the vicinity of ∼35 kpc on the minor axis, thus bracketing that
point in the spheroid where there is a transition from a bulge-
like population to one that more closely resembles a canoni-
cal halo. The star formation history in these additional fields
should help to further disentangle the complex formation his-
tory of the Andromeda system and its various substructures.
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